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ISOTOPE  SELECTIVE  MEASUREMENTS  IN  A  LASER  INDUCED  PLASMA 
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In  laser  induced  plasma  spectroscopy  (LIPS),  a  laser  beam  of  sufficient  energy  is 
focused  onto  the  surface  of  a  solid  sample  in  order  to  produce  a  plasma.  The  plasma  can  be 
monitored  by  several  spectroscopic  techniques.  However,  optical  emission  spectroscopy  has 
by  far  been  the  most  popular  method  of  choice.  The  goal  of  this  work  was  to  evaluate  the 
use  of  laser  excited  atomic  fluorescence  (LEAFS)  and  laser  source  atomic  absorption 
spectroscopy  (LAAS)  as  methods  to  detect  species  in  a  laser  induced  plasma.  The  advantages 
of  using  laser  induced  plasma  spectroscopy  are:  little  sample  is  needed,  no  sample 
preparation  for  solid  samples  is  required,  and  the  instrumentation  is  relatively  inexpensive. 

The  figures  of  merit  for  LEAFS  and  LAAS  in  a  plasma  were  determined  for  alkali 
metals  in  copper  and  NIST  reference  materials.  Detection  limits  on  the  order  of  ppb  were 
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determined  for  fluorescence  detection  and  detection  limits  of  ppm  were  measured  for  the 
absorption  experiment.  The  accuracy  of  these  two  methods  was  evaluated  by  analyzing 
National  Institute  of  Standards  and  Technology  standard  reference  materials,  and  the  accuracy 
of  these  methods  was  excellent. 

During  the  course  of  the  experiment  to  evaluate  fluorescence  and  absorption 
detection,  it  was  discovered  that  isotope  structure  could  be  resolved  in  a  laser  induced 
plasma.  This  was  further  investigated  by  analyzing  the  isotopes  of  lithium  in  a  laser  plasma 
formed  on  a  soUd  lithium  oxalate  sample  at  reduced  pressures  by  laser  excited  atomic 
fluorescence.  A  dye  laser  was  used  to  probe  the  670  nm  transition  of  lithium,  and  the  ^Li  and 
'Li  isotopes  were  resolved.  The  lithium  isotope  ratio  was  determined  to  be  12. 1  with  a  RSD 
of  4%. 

The  two  isotopes  of  rubidium  were  resolved  in  a  laser  induced  plasma  by  measuring 
the  atomic  absorption  of  each  isotope.  A  narrowband  Ti:  Sapphire  laser  was  scanned  across 
the  isotope  transitions,  and  the  spectra  recorded.  Calibration  curves  for  each  isotope  were 
constructed,  and  the  resulting  figures  of  merit  are  discussed.  The  rubidium  isotope  ratio  and 
concentrations  were  determined  in  a  real  geological  sample  in  order  to  test  the  applicability 
of  this  technique.  The  line  broadening  mechanisms  which  take  place  in  a  low  pressure  laser 
induced  plasma  are  discussed. 


vii 


CHAPTER  1 
INTRODUCTION 

The  goal  of  this  work  was  to  evaluate  laser  excited  atomic  fluorescence  (LEAFS)  and 
laser  source  atomic  absorption  spectroscopy  (LAAS)  as  detection  schemes  for  laser  induced 
plasmas  (LIP).  During  the  course  of  this  project,  it  was  discovered  that  some  isotope 
structure  could  be  resolved  in  the  LEAFS  and  LAAS  spectra.  Therefore,  this  project  became 
focused  upon  measuring  and  resolving  isotopes  in  a  laser  induced  plasma. 

Chapter  two  provides  background  information  on  using  laser  ablation  (LA)  as  an 
analytical  tool,  and  information  on  LA  combined  with  LEAFS  and  LAAS  detection.  This 
chapter  concludes  by  demonstrating  some  important  uses  of  isotope  analysis.  The 
fundamental  principles  of  isotope  shifts  are  discussed  in  chapter  three,  as  well  as  the  effect  of 
isotope  structure  on  the  fluorescence  measurements.  The  initial  results  from  the  evaluation 
of  LA-LEAFS  and  LA-LAAS  are  given  in  chapter  four.  The  combination  of  LEAFS  and 
LAAS  detection  schemes  in  a  laser  induced  plasma  provides  an  analytical  tool  which  allows 
for  the  direct  analysis  of  solid  samples  with  good  precision,  limits  of  detection  on  the  order 
of  ppb  and  ppm  for  LEAFS  and  LAAS,  respectively,  and  excellent  accuracy.  The  isotope 
selective  measurements  are  reported  in  chapters  five  and  six..  The  ^Li  and  ^Li  isotope  ratio 
was  measured  using  LA-LEAFS  and  the  *'Rb  and  "Rb  isotopes  were  resolved  using  LA- 
LAAS.  Isotope  selective  calibration  curves  for  rubidium  were  constructed  and  the  analytical 
figures  of  merit  were  determined.  Also,  the  applicability  of  this  technique  was  evaluated  by 
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measuring  the  rubidium  isotope  concentrations  and  ratios  in  real  geological  samples.  The 
possible  line  broadening  mechanisms  which  occur  in  the  laser  induced  plasma  are  also 
discussed.  The  applicability  of  the  curve  of  growth  method  to  analysis  of  laser  induced 
plasmas  is  reported  in  chapter  seven,  and  the  conclusions  and  future  work  are  given  in  chapter 
eight.  The  presentations  and  publications  which  have  resulted  from  this  work  are  listed  in  the 
Appendix. 


CHAPTER  2 

BACKGROUND  OF  LASER  INDUCED  PLASMA  SPECTROSCOPY 


Laser  Induced  Plasmas 

Soon  after  the  development  of  the  ruby  laser,  it  was  shown  that  one  could  cause  the 
breakdown  of  air  by  bringing  a  laser  beam  into  tight  focus  [  1  ] .  This  laser  induced  breakdown 
process  generates  an  almost  totally  ionized  gas  called  a  laser  induced  plasma,  and  analytical 
methods  which  utilize  this  process  are  called  laser  induced  plasma  spectroscopy  (LIPS). 
There  are  two  main  mechanisms  for  electron  generation  and  growth  of  the  plasma.  The  first 
mechanism  involves  absorption  of  laser  radiation  by  electrons  when  they  collide  with  neutrals. 
When  the  electrons  gain  sufficient  energy,  they  ionize  the  gas  or  solid  by  impact. 

e"  +  M  -  2e'  +  M" 

This  process  leads  to  cascade  breakdown  because  the  electron  concentration  increases 
exponentially  with  time.  Two  conditions  must  be  met  in  order  to  achieve  cascade  breakdown 
(1)  there  must  be  an  initial  electron  in  the  focal  volume,  and  (2)  the  electrons  must  acquire 
an  energy  which  is  greater  than  the  ionization  energy  of  the  gas  [2]. 

The  second  mechanism  which  can  occur  is  called  multiphoton  ionization.  This  process 
involves  the  simultaneous  absorption  of  enough  photons  by  an  atom  to  cause  ionization. 

M  +  mhv  -      +  e" 

If  e,  is  the  ionization  potential,  then  the  number  of  photons,  m,  must  exceed  (e,/  hv+1 ).  Both 
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cascade  and  muhiphoton  ionization  require  high  laser  irradiances,  generally  greater  than 
10*W/cm'[2]. 

A  representation  of  the  evolution  of  a  laser  induced  plasma  is  shown  in  Figure  2-1. 
The  laser  induced  plasma  is  formed  when  a  high  energy,  short  duration  laser  pulse  strikes  the 
surface  of  a  material.  There  is  an  instant  increase  in  the  surface  temperature  and  vaporization 
of  the  sanple  begins  to  occur.  This  process  occurs  because  of  the  cascade  breakdown  and 
muhiphoton  ionization  processes  described  above.  Because  the  dissipation  of  energy  through 
the  vaporization  process  is  slow  relative  to  the  rate  at  which  energy  is  deposited  in  the  short 
laser  pulse,  the  underlying  layers  of  material  reach  critical  temperatures  and  pressures  before 
the  surface  layer  can  vaporize.  This  causes  the  surface  to  explode  and  a  plasma  to  form.  The 
ablated  material  is  ejected  from  the  surface  in  the  form  of  particles,  free  electrons,  atoms, 
ions,  and  droplets.  These  materials  expand  at  a  velocity  which  is  much  fester  than  the  speed 
of  sound,  so  a  shock  wave  is  formed  in  the  surrounding  atmosphere.  After  several 
microseconds,  approximately  10  \is,  the  plasma  plume  begins  to  cool  down  because  of 
collisions  with  the  ambient  gas.  Plasma  temperatures  on  the  order  of  1 0'*- 1 K  and  electron 
number  densities  on  the  order  of  lO'^-lO''  cm'^  have  been  measured  [3].  At  later  plasma 
lifetimes,  approximately  20  |is  or  later,  the  plasma  starts  to  decay  because  of  radiative, 
quenching,  and  electron-ion  recombination  processes.  These  processes  lead  to  the  formation 
of  a  post-plasma  region  which  contains  a  high  number  density  of  neutral  species.  Finally,  the 
decay  is  completed  by  the  formation  of  clusters,  condensation,  three-bodied  collisions,  and 
difiusion  of  plasma  particles  into  the  surrounding  gas.  The  decay  is  conplete  within  hundreds 
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of  microseconds  after  the  plasma  was  created  [4].  A  digitally  enhanced  photograph  of  a  laser 
induced  plasma  is  shown  in  Figure  2-2. 

Laser  induced  plasmas  can  be  combined  with  several  detection  schemes  including, 
optical  emission  spectroscopy  (OES),  atomic  absorption  spectroscopy  (AAS),  and  laser 
induced  fluorescence  spectroscopy  (LIF).  There  are  several  advantages  of  using  laser  induced 
plasmas  as  an  analytical  tool.  Perhaps  the  biggest  advantage  is  the  fact  that  only  optical 
access  to  the  sample  is  required  for  sampling.  This  feature  allows  for  the  use  of  LIPS  in 
remote  sensing  applications.  Also,  there  is  little  or  no  sample  preparation  required  for  solid 
samples  analysis,  which  is  quite  attractive  versus,  for  example  inductively  coupled  plasma 
spectroscopy  which  requires  sample  dissolution  before  analysis.  However,  there  are  some 
problems  to  overcome  with  LIPS  including  variations  in  the  mass  ablated  from  heterogeneous 
samples  which  can  make  quantification  difficult.  Table  2-1  list  the  advantages  and 
disadvantages  of  using  laser  induced  plasmas  for  analytical  purposes. 

There  are  many  factors  which  contribute  to  the  plasma  formation,  vaporization,  and 
atomization,  and  all  of  these  contributing  factors  are  not  completely  understood.  The  reason 
for  the  complexity  is  due  to  the  large  number  of  variables  which  influence  the  ablation 
process.  One  such  variable  is  the  energy  of  the  ablation  laser  radiation.  Hwang,  Teng,  Li, 
and  Sneddon  give  a  detailed  theoretical  consideration  of  the  relationship  between  laser  energy 
and  mass  ablated  [5].  They  were  able  to  predict  that  the  mass  ablated  should  increase  with 
laser  energy.  They  also  performed  a  series  of  experiments  to  confirm  their  theoretical  model 
which  indicated  an  increase  in  mass  ablated  up  to  an  energy  of 200  mJ. 
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Table  2-1 :  Advantages  and  Disadvantages  of  Laser  Induced  Plasma  Spectroscopy. 


Advantages 

Disadvantages 

1 .  Minimal  or  no  sample  preparation 

2.  Solids,  liquids,  and  gases  can  be 
analyzed.  Conductive  and  nonconductive 
samples  can  be  used 

3.  Small  amounts  of  sample  are  needed 

4.  Easy  analysis  of  refractory  materials 

sUCXl  do  LCrcuulCS 

5.  Spatial  resolution  is  possible 

6.  Capability  of  remote  analysis 

7. Simultaneous  multielement  analysis  is 
possible 

1 .  Variation  in  the  mass  ablated  caused  by 
heterogeneity  of  the  sanple  matrix 

2.  Difficulty  in  obtaining  matrix-matched 
standards. 

3.  Detection  limits  higher  than  for 
standard  techniques  (ICP-MS) 

4.  Precision  worse  than  for  standard 
techniques 

5.  High  energy  density  laser  damages 
(removes)  sample 

6.  No  complete  theory  exists  because  of 
the  complex  processes  involved 

Wisbum,  Schechter,  Niessner,  Schroder,  and  Kompa  reported  on  the  relationship  between 
the  signal-to-noise  ratio  and  the  ablation  laser  energy  [6].  They  showed  that  the  S/N 
increased  with  increasing  energy  up  to  1 50  mJ,  at  which  point  the  signal-to-noise  ratio  leveled 
oft: 

Another  important  fector  affecting  the  laser  induced  plasma  process  is  the  ablation 
laser  wavelength.  Pinnick  et  al.  reported  on  the  affect  of  wavelength  on  the  breakdown 
thresholds  [7] .  They  used  a  Nd:  YAG  laser  with  a  doubling  crystal  in  order  to  obtain  ablation 


wavelengths  of  1064  nm,  532  nm,  355  nm,  and  266  nm.  They  showed  a  decrease  in  the 
threshold  value  with  decreasing  wavelength.  The  wavelength  dependence  of  the  breakdown 
threshold  was  explained  by  considering  the  increasing  importance  of  muhiphoton  absorption 
processes  at  the  shorter  wavelengths. 

The  composition  and  pressure  of  the  surrounding  atmosphere  as  well  as  the  chemical 
characteristics  of  the  target  material  greatly  affect  the  breakdown  process.  Kuzuya, 
Matsumoto,  Takechi,  and  Mikami  studied  the  effect  of  atmosphere  on  the  aluminum  emission 
lines  from  a  nickel  alloy  [8].  They  used  atmospheres  of  argon,  air,  and  helium  at  varying 
pressures  and  ablation  laser  energies.  It  was  determined  that  the  largest  aluminum  peak 
intensities  were  measured  in  an  argon  amosphere;  however,  the  lowest  background  plasma 
emission  was  seen  for  a  helium  atmosphere.  Jensen,  Langford,  Dickinson,  and  Addleman 
looked  at  the  effect  of  target  material  composition  on  the  detection  of  contaminant  metals  in 
soils,  quartz  materials,  and  crystalline  sand  matrices  [9,10].  They  showed  that  the  mass 
ablated  per  shot  varies  from  matrix  to  matrix;  therefore,  the  plasmas  produced  are  different. 
It  is  also  seen  that  plasma  temperature  varies  with  the  matrix,  and  thus  the  amount  of 
atomization  and  ionization  vary.  Rusak  et  al.  presented  a  detailed  study  of  the  effect  of  water 
content  in  a  sample  on  the  laser  induced  plasma  [11].  They  showed  that  as  the  water  content 
increased,  the  plasma  emission  decreased  due  to  quenching,  and  they  showed  that  the  electron 
number  density  also  decreased  with  increasing  weight  percent  water.  Lee  et  al.  measured  the 
plasma  plume  volume  for  plasmas  formed  by  an  ArF  excimer  laser  at  1 93  nm  on  solid  lead  and 
copper  targets  [12].  They  saw  that  the  lead  plasma  was  2.5  times  larger  than  the  copper 
plasma.  So  copper,  which  has  a  high  thermal  conductivity  and  high  boiling  point  produced 
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a  more  confined  plasma  with  a  high  excitation  temperature.  While  lead  with  a  relatively  low 
thermal  conductivity  and  low  boiling  point  created  a  large  plasma  with  a  lower  excitation 
temperature. 

Laser  Ablation  with  Laser  Excited  Atomic  Fluorescence  Spectroscopy 

This  section  wdU  present  a  review  of the  literatiu-e  showing  the  possibility  of  combining 
laser  ablation  with  laser  excited  atomic  fluorescence  detection  for  sensitive  detection  of 
analytes  in  soUd  samples.  Figure  2-3  shows  a  typical  experimental  setup  for  LA-LEAFS 
including  the  ablation  laser,  the  low  pressure  sample  chamber,  a  probe  laser  for  fluorescence 
excitation,  a  monochromator,  a  photomultiplier  tube  for  detection,  a  boxcar,  and  a  computer. 

Measures  and  Kwong  first  showed  the  combination  of  laser  ablation  with  LEAFS  in 
two  papers  which  were  published  in  1 979  [13,14].  They  named  their  technique  trace  element 
analyzer  based  on  laser  ablation  and  selectively  excited  radiation,  or  TABLASER.  The 
experimental  set-up  consisted  of  a  ruby  laser  at  694.3  nm  with  an  output  power  of  10-20  mJ 
which  was  used  to  create  the  plasma,  a  nitrogen  laser-pumped  dye  laser  which  was  used  to 
excite  the  selected  transition,  a  low  pressure  sample  chamber,  a  monochromator,  and  a 
photomultiplier  tube.  This  arrangement  was  used  to  measure  chromium  in  National  Bureau 
of  Standards  (NBS)  steel,  flour,  and  milk  powder  samples.  They  reported  limits  of  detection 
on  the  order  of  1-50  ppm.  In  the  second  paper.  Measures  and  Kwong  used  the  same 
apparatus  to  study  possible  matrix  effects  in  the  laser  induced  plasma.  They  added  varying 
amounts  of  contaminants  such  as  copper  sulfate  or  potassium  sulfate  to  the  NBS  milk  powder 
to  determine  if  any  matrix  effects  would  be  observed.  They  did  not  see  any  change  in  the 
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chromium  laser  excited  fluorescence  signal  from  the  milk  powder  once  the  contaminants  had 
been  added. 

In  1983,  Lewis,  Beenen,  Hosch,  and  Piepmeier  demonstrated  the  use  of  LEAFS  to 
map  the  regions  of  a  laser  induced  plasma  [15].  The  experiment  was  comprised  of  two  flash 
lamp  pumped  dye  lasers,  one  was  used  for  ablating  the  sample,  and  the  second  one  was  used 
for  exciting  the  analyte  atoms.  A  plasma  was  formed  on  the  surfece  of  a  thin  film  containing 
lithium  nitrate.  The  film  was  mounted  inside  a  low  pressure  chamber  which  was  connected 
to  an  x-y-z  translation  stage.  A  monochromator  and  photomultiplier  tube  were  positioned 
perpendicular  to  the  excitation  beam  in  order  to  collect  the  670.8  nm  resonance  fluorescence 
line  of  the  lithium  atoms.  They  were  able  to  probe  different  regions  of  the  plasma  by  moving 
the  sample  and  thus  the  plasma  itself  with  respect  to  the  excitation  laser  and  fluorescence 
collection  scheme.  They  measured  the  analyte  atom  density  in  all  plasma  regions. 

Beenen  and  Piepmeier  used  fluorescence  detection  to  study  the  chemical  dynamics  of 
a  laser  produced  vapor  plume  [16].  They  used  a  dye  laser  to  form  a  plasma  on  the  surface 
of  an  aluminum  alloy,  and  a  second  dye  laser  to  excite  atomic  as  well  as  molecular 
fluorescence  inside  the  plasma.  A  monochromator  and  PMT  were  used  to  monitor  the  atomic 
fluorescence  of  aluminum  as  well  as  the  molecular  fluorescence  of  aluminum  oxide.  The 
formation  of  aluminum  oxide  was  studied  within  all  spatial  and  temporal  regions  of  the 
plasma.  The  temporally  resolved  spatial  profiles  showed  that  the  behavior  of  the  aluminum 
oxide  fluorescence  signal  was  different  for  the  peripheral  and  interior  regions  of  the  plasma 
plume.  This  behavior  was  attributed  to  quenching  of  the  aluminum  oxide  fluorescence  signals 
in  the  peripheral  zones  by  oxygen  in  the  surroimding  atmosphere. 
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In  1985,  Bondybey  reported  on  the  use  of  laser  induced  fluorescence  to  study  metal 
dimers  obtained  by  using  a  laser  induced  plasma  [17].  This  experiment  was  comprised  of  a 
pulsed  YAG  laser  to  create  the  plasma  and  a  pulsed  dye  laser  which  was  ttmed  to  the 
fluorescence  excitation  wavelength.  An  adapted  version  of  the  schematic  diagram  of  the 
sample  chamber  used  in  this  experiment  is  shown  in  Figure  2-4.  The  cylindrically  shaped 
metal  sample  was  mounted  inside  a  copper  block,  which  was  in  thermal  contact  with  a  liquid 
nitrogen  bath.  The  sample  was  vaporized  by  the  pulse  from  the  YAG  laser,  and  the  hot 
plasma  was  immediately  diluted  with  cold  helium  gas.  The  super-cooled,  dense  vapor  was 
expanded  through  a  one  millimeter  orifice  into  the  probe  region  of  the  chamber.  In  this 
region,  the  radiation  of  a  pulsed  dye  laser  passed  through  the  vapor  and  excited  the 
fluorescence  transitions.  The  fluorescence  was  then  collected  with  a  monochromator  and 
PMT.  The  Bcj  molecule  was  studied  using  this  technique  and  the  weakly  bound  ground  state 
energy,  bond  length,  and  vibrational  frequency  were  determined. 

Fluorescence  detection  was  used  by  Arlinghaus,  et.  al  [18]  to  determine  the  speed  at 
which  zinc  atoms  were  ejected  from  the  surface  of  a  ZnS  crystal  by  laser  ablation.  A  XeCl 
excimer  laser  at  308  nm  was  used  to  ablate  the  ZnS  crystal,  and  a  continuous  wave 
narrowband  dye  laser  was  used  to  form  the  probe  laser  radiation.  The  probe  laser  was  set  to 
a  specific  delay  time,  tj,  with  respect  to  the  excimer  laser  ablation  pulse.  The  velocity,  v,  of 
the  Zn  atoms  ejected  from  the  sample  surface  was  derived  from  the  distance,  r,  which  they 
traveled  during  the  delay  time.  With  a  fixed  delay  time,  the  probe  laser's  frequency  was 
scanned  through  the  Doppler-shifted  atomic  transition  of  Zn.  The  Doppler  shift  is  given  by 
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where  v  is  the  measured  frequency,  Vq  is  the  frequency  of  the  transition  at  zero  velocity,  O 
is  the  angle  between  the  ablation  laser  propagation  vector  and  the  velocity  vector  of  the  atom, 
and  c  is  the  speed  of  light. 

Sdorra,  Quentmeier,  and  Niemax  also  used  LA-LEAFS  to  study  the  propagation 
properties  of  the  plasma  plume  as  well  as  the  analytical  figures  of  merit  of  this  technique  [19]. 
They  used  the  same  basic  experimental  arrangement  as  described  recently  with  a  Nd:YAG 
ablation  laser  and  a  pulsed  excimer-pumper  dye  laser  probe  beam.  The  laser  induced 
fluorescence  signals  of  chromium,  boron,  and  silicon  in  the  laser  induced  plasma  produced  on 
the  surfece  ofNBS  steel  samples  were  carefully  analyzed.  The  fluorescence  intensities  of  the 
Si  251.6  nm  and  288.2  nm,  the  Cr  425.4  nm  and  427.5  nm,  and  the  B  249.8  nm  transitions 
were  recorded.  Detection  limits  of 600  ng/g  for  Si,  1 0  |ig/g  for  Cr,  and  600  |ig/g  for  B  were 
obtained  with  a  measurement  precision  of  5-8%.  Taking  into  account  the  absolute  mass 
ablated  per  ablation  laser  shot,  the  absolute  limit  of  detection  could  be  calculated.  The 
absolute  limits  of  detection  for  the  two  silicon  transition  lines  were  on  the  order  of  hundreds 
of  femtograms. 

In  another  paper,  Sdorra,  Quentmeier,  and  Niemax  reported  on  the  use  of  this  same 
experimental  apparatus  described  above  to  measure  the  collision  transfer  cross  sections  of 
atoms  almost  independently  of  the  volatility  of  the  elements  [20].  In  Figure  2-5,  the  partial 
energy  level  diagram  of  silicon  is  shown.  When  the  Si  transition  3s^3p^     -  3s^3p4s^P2  at 
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25 1 .6  nm  is  induced  by  the  laser,  then  fluorescence  occurs  from  the  laser  populated  level  at 
251.6  nm  and  250.7  nm.  If  the  argon  buffer  gas  atoms  induce  collisional  transfer  to  other 
levels,  then  four  additional  lines  are  observed.  The  intensities  of  these  lines  are  dependent  on 
the  argon  buffer  gas  pressure.  The  fluorescence  spectra  reported  showed  that  when  the  argon 
pressure  was  increased,  the  intensities  of  the  transfer  lines  increased.  From  these  spectra,  the 
intensity  ratio  of  transfered  to  directly  pumped  lines  (Ifrms/Ipump)  was  obtained.  This  ratio  is 
connected  to  the  transfer  rates  by 


^  Trans        ^2  ^ 


-I 


(2) 


where  A,  and  Aj  are  the  transition  probabilities  of  the  fluorescence  and  the  transfer  line 
respectively,  and  x  is  the  natural  lifetime  of  the  collisionally  populated  level.  C  is  the  transfer 
rate  associated  with  the  transition  from  the  pumped  to  the  collisionally  populated  fine 
structure  level. 


D  is  the  transfer  rate  associated  with  the  depopulation  of  the  collisonally  populated  fine 
structure  level. 

^^^^f^depop^Ar  (4) 

The  average  relative  velocity  of  colliding  atoms  is  given  by  V ,  and  0^^^  are  the 
transfer  cross-sections,  and  n^,  is  the  number  density  of  argon  atoms.  By  taking  into  account 


18 

the  transition  probabilities  of  the  Si  lines  and  assuming  that  the  transfer  rates  depend  only  on 
gas  pressure,  the  fine  structure  transfer  cross  section,  Oj^,  was  calculated. 

Quentmeier,  Sdorra,  and  Niemax  also  used  their  LA-LEAFS  apparatus  to  evaluate  a 
method  for  internal  standardization  of  laser  induced  fluorescence  spectroscopy  in  a  laser 
induced  plasma  [21].  They  measured  the  LIF  signals  of  Si,  Cr,  Mn,  and  Mg  fi-om  the  laser 
plasma  on  varying  metallic  samples.  The  absolute  intensities  of  the  fluorescence  signals  of 
the  elements  depended  heavily  on  the  matrices  of  the  samples.  By  evaluating  the  absolute 
fluorescence  intensities,  linear  calibration  curves  for  each  element  were  obtained;  however, 
the  sensitivities  (slopes  of  the  calibration  curves)  varied  among  the  matrices.  The  authors 
used  an  internal  standard  method  for  analysis  by  measuring  the  ratio  of  one  analyte 
fluorescence  intensity  to  another  constituent  fluorescence  intensity.  The  relative  intensities 
of  analytes  measured  in  different  matrices  will  have  common  calibration  curves  if  the  samples 
are  completely  atomized  in  the  plasma  and  if  the  plasma  temperature  is  independent  of  the 
matrix.  However,  the  plasma  temperature  is  strongly  dependent  on  the  matrix,  so  the 
technique  was  not  applicable  to  all  matrices  studied. 

Sdorra  and  Niemax  were  also  able  to  use  LA-LEAFS  to  systematically  measure  the 
relative  number  densities  of  atomic  and  ionic  species  in  the  microplasma  produced  on  solid 
samples  [22].  The  same  experimental  setup  previously  described  was  used.  The  relative 
number  densities  of  atoms  and  ions  were  measured  as  functions  of  time  and  space  at  different 
argon  buffer  gas  pressures  inside  the  ablation  chamber  in  order  to  determine  the  tenporal  and 
spatial  distributions  of  the  analyte  atoms  in  the  plasma.  Measurements  of  magnesium  in  a 
copper  matrix  were  carried  out.  They  showed  that  the  analyte  concentration  has  a  maximum 
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in  the  middle  of  the  plasma.  By  monitoring  the  behavior  of  the  ionic  fluorescence,  it  was 
determined  that  the  laser  induced  plasma  has  a  hot  "kemal"  with  an  almost  unchanged 
relative  temperature  distribution  during  a  plasma  lifetime  up  to  100  |is. 

In  another  paper  reported  by  Niemax  and  Sdorra  in  their  series  on  LA-LEAFS,  they 
reported  on  the  analytical  measurements  of  several  elements  in  steel  samples  [23].  They 
showed  improved  detection  limits  and  good  precision  in  their  measurements  attributed  to  an 
increase  in  the  solid  angle  of  collection  of  the  fluorescence  signal.  The  doubling  of  the  solid 
angle  of  collection  was  achieved  by  placing  a  concave  mirror  behind  the  plasma  and  reflecting 
fluorescence  back  through  the  plasma  into  the  spectrograph.  They  reported  on  the  analytical 
determinations  of  magnesium,  boron,  silicon,  manganese,  chromium,  lead,  and  tin  in  certified 
steel  samples  obtained  from  the  National  Institute  of  Standards  and  Technology  (NIST).  The 
detection  limits  obtained  were  0.15  to  21  ppm,  which  corresponded  to  absolute  detection 
limits  from  5-630  fg.  The  measurement  precision  improved  slightly  to  2-6%  RSD. 

In  the  final  paper  by  Sdorra  and  Niemax  on  laser  ablation  combined  with  fluorescence 
detection,  the  dependence  of  the  plasma  formation  on  the  ablation  laser  wavelength  was 
considered  [24].  The  fourth  harmonic  wavelength  at  266  nm  as  well  as  the  fimdamental 
wavelength  at  1064  nm  of  a  pulsed  Nd:YAG  laser  was  used  for  ablation  of  solid  samples. 
They  used  different  bufier  gases  and  different  samples  to  compare  the  ablated  masses  and 
plasma  temperatures  obtained  with  the  two  different  ablation  laser  wavelengths.  Their  results 
suggested  that  poorer  analytical  determinations  were  obtained  using  the  266  nm  radiation 
conq)ared  to  the  fimdamental  radiation  at  1 064  nm.  They  showed  that  the  diameter  and  depth 
of  the  crater  formed  by  the  ablation  laser  at  the  fourth  harmonic  were  larger  than  those  of  the 
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crater  formed  by  the  1 064  nm  radiation,  thus  spatial  resolution  of  the  sample  surface  was 
diminished.  By  measuring  the  fluorescence  intensity  of  silicon  in  the  plasma  and  the 
temperature  of  the  plasma  in  different  regions  of  the  laser  induced  plasma,  it  was  determined 
that  the  266  nm  ablation  radiation  plasma  was  more  "constricted"  than  the  1 064  nm  radiation 
plasma;  therefore,  it  was  concluded  that  the  application  of  uv  laser  radiation  for  ablation 
requires  an  additional  atomization  step,  for  example,  with  an  inductively  coupled  plasma  as 
an  additional  excitation  source. 

Oki,  Tani,  Kidera,  and  Maeda  demonstrated  ultratrace  analysis  of  impurities  in  water 
by  combining  laser  ablation  with  atomic  fluorescence  spectroscopy  [25] .  The  procedure  used 
for  the  analysis  consisted  of  placing  a  small  amount  of  sample  water,  approximately  1 0  ^L, 
onto  a  target  stage  which  was  a  polished  tungsten  rod.  The  water  sample  was  dried  by  a 
heated  helium  gas  flow.  The  dried  sample  residue  was  then  ablated  by  an  excimer  laser  which 
was  focused  onto  the  target  stage.  After  the  plasma  was  formed,  a  pulsed  dye  laser  was  used 
to  excite  atomic  fluorescence  of  sodium  The  authors  claimed  to  have  achieved  a  detection 
limit  of  1 .7  ppt  of  sodium,  which  corresponded  to  an  absolute  detection  limit  of  20  fg.  In 
a  later  paper  by  Oki,  Furukawa,  and  Maeda  using  a  similar  experimental  arrangement  which 
differed  only  by  the  use  of  a  continuous  wave  dye  laser  for  fluorescence  excitation,  they 
reported  improved  detection  limits  for  sodium  [26].  Once  again,  they  deposited  10  |jL  of 
water  onto  the  polished  tungsten  surface  and  ablated  the  sample  with  an  excimer  laser.  The 
2o  detection  limit  was  estimated  to  be  0. 1  ppt  or  1  fg  for  sodium  atoms  by  this  technique. 
However,  they  were  unable  to  demonstrate  detection  of  less  than  1  ppt  sodium  due  to  the 
scatter  of  the  resonance  dye  laser  radiation.  The  log-log  calibration  curve  reported  for  this 
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experiment  had  a  slope  of  0.3,  suggesting  a  non-linear  response  over  the  concentration  range 
of  1  ppt  to  1 00  ppb.  The  reason  for  this  nonlinear  response  was  suggested  to  result  from 
either  the  density  dependence  of  the  transportation  efl5ciency  of  ablated  atoms  to  the  probe 
laser  region  or  self  absorption  of  the  sodium  fluorescence. 

The  LA-LEAFS  techniques  discussed  so  far  have  used  resonance  fluorescence  as  the 
detection  scheme.  Pesklak  and  Piepmeier  demonstrated  the  use  of  nonresonance  atomic 
fluorescence  for  analytical  measurements  in  a  plasma  plume  [27] .  Nonresonance  fluorescence 
was  chosen  in  order  to  reduce  the  background  stray  light  of  the  probe  laser  beam.  The 
ablation  laser  was  a  flash  lamp  pumped,  pulsed  dye  laser,  and  tunable  pulsed  dye  laser  with 
a  narrowband  etalon  was  used  for  the  probe  beam.  Stainless  steel  samples  were  used  in  this 
study,  and  the  iron  content  determined.  By  exciting  ground  state  iron  atoms  with  laser 
radiation  at  296.69  ran,  resonance  fluorescence  was  observed  at  296.69  nm  and  Stokes  direct- 
line  fluorescence  was  observed  at  373.49  nm.  The  373.49  nm  transition  has  a  larger  transition 
rate  which  results  in  a  greater  fluorescence  photon  flux  at  this  wavelength  than  that  for  the 
resonance  transition.  The  authors  used  this  technique  to  study  the  spatial  and  temporal 
distributions  of  atomic  species  in  the  plasma.  The  Stokes  direct  line  fluorescence  was  used 
to  detect  atomic  iron  up  to  260  ^s  after  the  ablation  pulse,  and  the  Stokes  direct  line 
fluorescence  of  iron  resulted  in  a  signal  to  noise  ratio  that  was  three  times  greater  than  for 
resonance  fluorescence.  Similar  results  were  obtained  for  titanium,  zirconium,  and  hafhinm 
in  niobium  alloy  samples. 

Le  et  al.  reported  on  laser  induced  fluorescence  measurements  of  the  tenperature  of 
silicon  atoms  and  rotational  temperature  of  SiO  in  a  laser  induced  plasma  produced  by  an  ArF 
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excimer  laser  [28].  Silicon  was  ablated  in  helium,  argon,  and  oxygen  atmospheres  in  order 
to  understand  the  formation  of  molecules  and  clusters.  Thermal  relaxation  processes  of 
atomic  silicon  in  He  and  Ar  atmospheres  were  studied  by  measuring  the  Doppler  profile  of 
the  Si  line  using  the  transition  centered  at  263.128  nm,  and  the  thermalization  of  Si  was 
determined  to  occur  much  faster  in  a  He  atmosphere  than  in  an  Ar  atmosphere.  No  evidence 
of  the  nonequilibrium  of  the  rotational  and  vibrational  modes  was  observed,  and  the  LIF 
measurements  indicated  that  the  formation  of  SiO  molecules  was  better  described  by  a  gas 
phase  equilibrium  reaction  in  the  temperature  range  of 400-2000  K. 

Time  resolved  planar  laser  induced  fluorescence  was  used  to  image  copper  in  a  laser 
induced  plasma  plume  by  Zerkle  and  Sappey  [29].  A  dye  laser  was  focused  onto  a  solid 
copper  target  in  order  to  generate  the  plasma,  and  the  copper  fluorescence  was  excited  with 
a  second  pulsed  dye  laser.  The  purpose  of  this  work  was  to  determine  the  ground  state 
copper  atom  number  density  in  dense  condensing  laser  ablated  copper  plasmas.  The  atom 
number  density  could  then  be  used  to  determine  values  for  the  condensation  reaction  rate 
coefiBcients  that  govern  copper  cluster  growth.  The  condensation  rates  were  found  to  be 
difierent  for  different  test  voliunes  within  the  plume.  The  region  of  highest  copper  atom 
density  quickly  formed  Cuj  and  some  larger  copper  clusters.  These  clusters  collected  more 
copper  atoms,  and  so  the  region  that  once  possessed  the  greatest  number  of  copper  atoms 
eventually  possessed  the  least  number. 

Neuhauser  et  al.  used  laser  plasma  spectroscopy  and  laser  excited  atomic  fluorescence 
to  detect  lead  in  aerosols  [30] .  Lead  nitrate  aerosols  with  particle  diameters  between  1 0  and 
300  nm  were  generated  by  ultrasonic  nebulization  of  aqueous  lead  nitrate  solutions. 
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Atomization  of  the  aerosol  particles  was  achieved  by  creating  a  laser  induced  plasma  with  a 
Nd:  YAG  laser,  and  the  atomic  fluorescence  was  excited  with  a  dye  laser  tuned  to  the  283  nm 
resonance  transition  of  lead.  A  correlation  between  the  detection  limit  and  the  particle 
diameter  was  discovered.  The  detection  limit  increased  from  55  ng  m"^  for  a  particle  diameter 
of  48  nm  to  130  ng  m'^  for  a  particle  diameter  of 300  nm.  The  increasing  detection  limit  with 
increasing  particle  diameter  was  attributed  to  the  incomplete  atomization  of  larger  particles 
in  the  colder  periphery  of  the  plasma. 

Oki,  Matsunaga,  Nomura,  and  Maeda  demonstated  the  possibility  of  determining  the 
depth  distribution  of  an  element  with  subnanometer  resolution  by  applying  LA-LEAFS  [31]. 
An  ArF  excimer  laser  at  193  nm  was  used  to  create  a  plasma  which  removed  a  thin  surface 
layer  from  a  solid  glass  sample  on  the  order  of  1 . 1  nm/shot  for  the  first  50  shots  and  0.4 
nm/shot  after  that.  By  monitoring  the  LIF  signal  of  the  Na  atoms  removed  with  each  shot, 
the  depth  distribution  of  sodium  was  determined. 

The  concentrations  of  lead  in  the  range  of 0. 1 5  -  750  \ig/g  were  measured  in  metallic 
matrices  of  copper,  brass,  steeL,  and  zinc  by  LA-LEAFS  by  Gomushkin,  Baker,  Smith,  and 
Winefordner  [32].  An  excimer  laser  was  used  for  ablation,  a  dye  laser  was  tuned  to  the  lead 
283  nm  line,  and  the  fluorescence  was  collected  at  405.8  nm.  No  matrix  effects  were 
observed,  so  that  a  universal  calibration  curve  for  all  samples  was  used  with  a  relative 
standard  deviation  of  20%.  The  relative  and  absolute  limits  of  detection  were  72  ng/g  and 
0.5  fg  of  lead,  respectively.  ,  ' 
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Laser  Ablation  with  Atomic  Absorption  Spectroscopy 

Conventional  methods  for  atomic  absorption  spectroscopy  such  as  graphite  furnace 
atomic  absorption,  flame  atomic  absorption,  and  inductively  coupled  plasma  atomic 
absorption,  require  the  samples  to  be  in  the  form  of  a  liquid  for  introduction.  So  it  is  often 
necessary  to  use  a  digestion  or  dissolution  procedure  in  order  to  prepare  solid  samples  for 
analysis,  and  a  method  which  allowed  direct  sampling  of  solids  would  be  attractive.  Laser 
ablation  or  laser  induced  plasma  techniques  have  shown  the  capability  for  direct  analysis  of 
solids;  however,  intense  self-reversed  emission  is  sometimes  seen  in  LIP-OES.  It  should  be 
considered  that  atomic  absorption  would  be  a  better  method  for  measuring  some  analyte 
concentrations  in  a  laser  induced  plasma  than  atomic  emission  is.  This  section  gives  a  review 
of  the  few  experiments  which  have  combined  AAS  detection  with  laser  induced  plasmas. 

In  1993  Darke  and  Tyson  published  an  extensive  review  of  the  literature  on  laser 
ablation  of  solid  materials  and  its  significance  to  analytical  spectrometry  [33].  They  showed 
schematics  for  the  possible  configurations  for  measuring  atomic  absorption  of  laser  ablated 
materials.  Different  arrangements  including  measuring  the  absorption  directly  through  the 
plasma  itself  or  transferring  the  ablated  material  via  a  gas  flow  into  a  fiirther  excitation  source. 
A  representation  of  these  experimental  procedures  are  given  in  Figures  2-6  through  2-9. 

Atomic  absorption  detection  in  a  laser  induced  plasma  was  first  demonstrated  by 
Mossotti,  Laqua,  and  Hagenah  in  1967  [34].  Their  basic  experimental  setup  is  of  the  type 
shown  in  Figure  2-6.  The  radiation  output  of  a  ruby  laser  was  focused  onto  the  surface  of  the 
target  material  to  form  a  plasma.  A  low-pressure  xenon  flash  lamp  was  used  as  the  radiation 
source  for  the  atomic  absorption  systenL  OflF-axis  multiple  pass  optics,  shown  schematically 
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in  Figure  2-10,  were  used  to  increase  the  absorption  path  length  by  increasing  the  number  of 
passes  through  the  plasma.  A  monochromator  was  used  to  isolate  the  atomic  absorption  line 
from  the  continuum  background  plasma  emission.  Using  this  arrangement,  the  authors  were 
able  to  measure  the  atomic  absorption  of  copper,  silver,  and  calcium  in  graphite  at 
concentration  ranges  of  0.003-0.1  weight  percent. 

A  decade  later,  Ishizuka,  Uwamino,  and  Sunahara  used  a  ruby  laser  to  vaporize  small 
amounts  of  solid  samples  and  then  swept  the  vapor  into  an  absorption  cell  [35].  They  were 
able  to  measure  the  atomic  absorption  in  the  cell  by  using  hollow  cathode  lamps  and  a 
photomultiplier  tube.  The  solid  sample  was  placed  inside  an  ablation  chamber,  and  the  ruby 
laser  radiation  was  focused  onto  the  surfece  of  the  sample.  The  atomic  vapor  which  was 
produced  was  swept  into  a  quartz  cell  by  the  flow  of  argon  gas.  The  absorption  signals  of 
aluminum,  chromium,  copper,  iron,  manganese,  molybdenum,  nickel,  and  vanadium  were 
measured  from  brass,  steel,  and  aluminum  alloys.  Detection  limits  on  the  order  of  tens  of 
parts-per-millions  with  measurement  precisions  ranging  from  1-12  %  were  obtained. 

In  a  series  of  papers,  Quentmeier,  Laqua,  and  Hagenah  demonstrated  the  use  of  AAS 
to  measure  microgram  amounts  of  copper,  manganese,  magnesium,  iron,  zinc,  and  silicon  in 
aluminum  samples.  They  used  a  Nd:  YAG  laser  to  form  the  plasma  and  a  continuum  lamp  and 
monochromator  and  PMT  to  measure  the  absorption.  They  reported  detection  limits  of 
approximately  one  ppm  for  the  elements  Cu,  Mn,  and  Mg.  They  also  reported  on  the 
temporal  and  spatial  development  of  the  plasma  plume  by  mapping  the  absorption  of  the 
atomic  species  in  the  different  regions  of  the  plasma  [36,37]. 
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Manabe  and  Piepmeier  reported  on  temporally  and  spatially  resolved  atomic 
absorption  measurements  made  using  a  pulsed  dye  laser  to  atomize  solid  steel  and  graphite 
samples  and  using  pulsed  hollow  cathode  lamps  as  the  primary  sources  for  the  AAS 
measurements  [38].  Using  the  relatively  noisy  pulsed  hollow  cathode  lamps,  they  obtained 
measurement  precisions  on  the  order  of  10-20%.  While  the  authors  reported  extensively  on 
the  temporal  profile  of  the  AAS  signals  obtained,  no  analytical  measurements  were 
performed. 

Sumino  et  al.  reported  on  the  use  of  LA- AAS  for  the  analysis  of  cadmium  in  human 
kidney  tissue  [39].  A  Nd:YAG  laser  was  used  to  ablate  microamounts  of  the  tissue,  and  a 
cadmium  hollow  cathode  lamp  was  used  as  the  source  for  absorption  measurements.  While 
the  majority  of  this  paper  discussed  the  sample  preparation  for  the  biological  specimens,  they 
reported  some  analytical  information.  Kidney  specimens  fi-om  three  different  autopsy  cases 
which  had  known  concentrations  of  cadmium  by  previous  measurement  were  used  to 
construct  a  calibration  curve.  A  fourth  kidney  specimen  was  used  as  an  unknown,  and  its 
cadmium  concentration  was  found  to  be  45  ±  8  ppm.  Acid  digestion  of  the  unknown  sample 
showed  that  the  kidney  had  43  ppm  cadmium. 

The  simultaneous  determinations  of  Ag-Mn  and  Pb-Ag  by  laser  ablation  atomic 
absorption  spectroscopy  was  reported  by  Wennrich  and  Dittrich  [40].  A  Q-switched  ruby 
laser  was  used  to  ablate  microamounts  of  a  copper  target,  and  the  vapor  plume  was  swept 
into  a  hot  graphite  furnace  by  an  argon  gas  flow.  Hollow  cathode  lamps  were  used  as  the 
AAS  source,  and  two  monochromators  and  PMTs  were  used  as  detectors.  They  reported 
detection  limits  fi-om  5-100  ppm  in  the  copper  matrix  which  corresponded  to  absolute 
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detection  limits  in  the  picogram  range.  They  were  able  to  demonstrate  comparable  figures 
of  merit  to  flame  AAS,  which  indicated  the  potential  for  using  LA-AAS  with  a  graphite 
furnace  for  analysis  of  solid  samples  without  first  having  to  dissolve  the  sample. 

Hamafi  and  Dubreuil  used  a  laser  induced  plasma  to  vaporize  a  copper  target  in  order 
to  measure  the  lithium  atomic  absorption  [41].  They  used  a  pulsed  CO,  laser  to  induce  the 
plasma,  and  a  Nj  laser-pumped  dye  laser  for  probing  the  670  nm  transition  in  lithium.  When 
a  laser  is  used  to  excite  the  absorption  transition,  absorption  saturation  can  become  a  factor. 
This  occurs  when  the  rate  of  absorption  by  the  atoms  is  equal  to  the  rate  of  stimulated 
emission  induced  by  the  high  energy  density  laser.  If  this  occurs,  no  change  in  radiation 
intensity  is  seen  by  the  detector;  therefore,  no  net  absorption  is  recorded.  The  authors 
reported  that  they  kept  the  dye  laser  beam  intensity  low  enough  to  avoid  saturation  effects. 
Using  the  dye  laser  to  probe  successive  plasma  heights,  they  were  able  to  determine  the 
velocity  at  which  the  Li  atoms  were  ejected  from  the  surface.  For  a  laser  energy  of  0.9  J/cm^, 
approximately  5  x  10"  atoms  were  emitted  per  ablation  laser  shot  with  a  center-of-mass 
velocity  of  3  x  10'  cm/s  and  a  plasma  temperature  of  8500-10,000  K. 

Tanaka  et  al.  used  frequency  quadrupled  radiation  at  266  nm  from  a  Nd:YAG  laser 
to  form  a  laser  induced  plasma  on  solid  NiO  pellets  [42].  A  xenon  flash  lamp  was  used  as  the 
primary  source  for  absorption  measurements  in  the  plasma.  The  ablated  species  in  different 
electronic  states  such  as  the  ground  state,  low-lying  states,  and  excited  states  were  studied. 
Using  an  ablation  laser  fluence  of  5. 1  J/cm^  they  determined  that  Ni*  ions  move  faster  than 
Ni  neutrals  by  measuring  the  appropriate  velocities.  This  is  due  to  the  fact  that  the  W  ions 
were  further  accelerated  by  the  electric  field  within  the  center  portion  of  the  plume.  It  is 
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concluded  that  most  of  the  species  are  initially  ejected  as  NiO  molecules  or  clusters,  and  then 
dissociated  into  Ni  and  O  species  in  the  plasma  plume. 

Isotope  Analysis 

Isotope  analysis  is  important  for  many  fields  of  study  including  geology,  medicine,  and 
the  nuclear  science  industry.  Historically,  the  measurement  of  isotopes  has  been  dominated 
by  mass  spectrometric  techniques.  These  techniques  are  very  accurate  and  precise,  but  they 
are  expensive  and  require  sample  dissolution  steps  for  solid  samples  before  analysis.  Isotopes 
have  been  measured  spectroscopically,  but  these  methods  tend  to  have  poorer  precision  and 
higher  detection  limits.  Also,  only  certain  elements  (either  low  mass  or  high  mass  elements) 
exhibit  an  isotope  shift  large  enough  to  measure  spectroscopically. 

Uranium  has  a  relatively  large  isotope  shift,  and  this  shift  was  measured  by  Goleb 
using  an  atomic  absorption  technique  [43].  The  ^^'U  /  ^^*U  isotope  ratio  was  measured  inside 
a  water-cooled  hollow  cathode  discharge  tube.  Wheat  demonstrated  the  isotopic  resolution 
of  ^Li  and  'Li  in  a  flame  using  monoisotopic  hollow  cathode  lamps  [44],  and  Meier  was  able 
to  determine  the  *Li  and  'Li  concentrations  in  real  geological  samples  using  a  similar 
apparatus  [45].  While  uranium  and  lithium  isotopes  could  be  measured  by  these  early 
techniques,  significant  deconvolution  of  the  peaks  had  to  be  employed. 

With  the  development  of  narrowband  lasers,  such  as  the  diode  laser,  laser  source 
atomic  absorption  (LAAS)  became  a  viable  technique  for  spectroscopically  measuring 
isotopes.  These  narrowband  sources  opened  the  door  to  studying  many  other  elements  which 
do  not  have  as  large  an  isotope  shift  as  lithium  and  uranium  Because  of  suitable  wavelengths. 
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rubidium  isotopes  have  been  studied  by  several  groups  using  diode  lasers.  Gibbs  and 
Churchill  used  a  diode  laser  to  probe  a  rubidium  atomic  beam  in  order  to  determine  the 
isotope  shift  of  the  Dl ,  794  nm,  line  of  rubidium  [46].  They  were  able  to  determine  that  the 
*^Rb  absorption  spectrum  was  shifted  by  77  ±  3  MHz  relative  to  the  *^Rb  absorption 
spectrum  Gustafson,  Rojas,  and  Axner  were  able  to  see  the  isotope  shift  of  the  rubidium  D2 
transition  at  780  nm  in  a  graphite  fiimace  at  low  pressure  using  diode  lasers  [47].  Song  et  ai. 
were  able  to  use  a  narrowband  diode  laser  to  determine  the  structure  of  the  rubidium  Dl  and 
D2  transitions  in  a  hollow  cathode  glow  discharge  cell  [48].  They  reported  spectra  showing 
not  only  the  isotope  structure  but  the  hyperfine  components  as  well. 

Much  work  has  been  done  by  Niemax  and  coworkers  on  using  Doppler-free  laser 
spectroscopy  techniques  to  resolve  isotopes.  They  have  published  several  papers  discussing 
the  potential  and  applicability  of  this  technique.  Using  Doppler-fi-ee  two  photon  laser 
enhanced  ionization,  they  were  able  to  resolve  the  isotopes  of  calcium  [49].  In  an  extensive 
review  of  diode  laser  spectroscopy,  they  show  isotope  resolution  for  rubidium  and  lithium  in 
a  graphite  fiimace  with  Doppler-fi-ee  absorption  techniques  [50].  Recently,  Wizeman  and 
Niemax  reported  on  the  isotope  selective  elemental  analysis  by  diode  laser  atomic  absorption 
of  rubidium  and  lithium  in  a  graphite  fiimace  with  improved  detection  limits  and  precision 
[51].  They  were  able  to  construct  linear  calibration  curves  from  the  standard  Rb  and  Li 
solutions,  and  they  obtained  detection  limits  of  0.2  ng/mL  and  0.45  ng/mL  for  *^Rb  and  *^Rb 
respectively.  These  values  correspond  to  an  absolute  detection  limit  of  1 .4  pg  for  *'Rb  and 
1 .3  pg  for  *^b.  Similar  results  were  obtained  for  lithium,  with  detection  limits  of  0.22  ng/mL 
for  'Li  and  0.55  ng/mL  for  *Li.  These  authors  were  also  able  to  demonstrate  the  usefiilness 


35 

of  isotope  dilution  for  the  cancellation  of  matrix  effects  and  for  calibration.  They  also  used 
isotope  dilution  of  lead  to  study  the  ^^Pb,  ^"''Pb,  and  ^""Pb  isotope  shifts  [52]. 

Only  very  recently  has  it  been  realized  that  isotope  structure  could  be  observed  in  a 
laser  induced  plasma.  This  is  a  surprising  observation  because  of  the  high  temperature  and 
high  electron  number  density  characteristics  of  the  laser  plasma  which  are  expected  to  result 
in  significant  line  broadening  and  the  overlap  of  isotope  structure.  At  the  time  the  work 
presented  in  this  dissertation  was  begun,  no  one  had  yet  published  resuks  showing  the 
potential  of  isotope  analysis  in  a  laser  induced  plasma.  However,  recently,  Niki,  Yasuda,  and 
Kitazima  were  able  to  measure  the  isotope  ratio  of  /  "B  in  a  plasma  by  observing  the 
shifts  of  the  emission  bands  fi-om  the  '"BO  and  "BO  molecules  [53].  Pretsch,  Petit,  and 
Briand  determined  the  isotope  ratio  of  "'U  and  ^^*U  in  natural  and  enriched  uranium  samples 
by  LIP-OES.  The  isotope  shift  for  U  is  25  pm;  therefore,  some  peak  deconvolution  was 
necessary  in  the  emission  spectra  [54].  Smith  and  coworkers  were  able  to  use  LA-LEAFS 
to  resolve  the  uranium  isotopes  in  a  laser  induced  plasma  formed  on  the  surfece  of  a  natural 
uranium  sample  at  low  pressure  using  a  diode  laser  to  excite  the  682.7  imi  resonance 
fluorescence  transition  [55]. 

One  important  field  for  isotope  analysis  is  in  geochemistry.  Geological  systems  are 
dated  by  using  atomic  clock  systems  which  are  based  on  the  decay  of  isotopes.  Some 
examples  of  these  dating  systems  are  the  Pb-Pb  system  [56,57,58],  the  '^e-'Be  system  [59], 
the  Kr-Ar  system  [60],  and  the  Rb-Sr  system  [61].  The  Rb-Sr  atomic  clock  is  a  single  age 
determination  method  based  on  the  decay  of  *^Rb  to  ^Sr,  so  a  rock  which  is  found  today  has 
a  total  ^'Sr  concentration  which  is  the  sum  of  the  original  *^Sr  and  the  *^Sr  which  was  formed 
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by  decay  of  *'Rb.  Therefore, 

'Sr=Sr,+''  Rbie^-V) 


87 


(5) 


where  k  is  the  decay  constant  based  on  the  half  life  of  *^Rb,  and  t  is  the  time  in  years.  Since 
it  is  much  easier  to  measure  isotope  ratios  than  it  is  to  measure  absolute  atom  number 
densities,  the  above  equation  can  be  divided  through  by  the  concentration  of  **Sr  which  is  a 
stable  atom,  thus  its  concentration  is  considered  unchanged. 
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This  equation  has  the  form  of  a  line,  and  an  isochron  can  be  constructed.  An  isochron  is  a 
plot  of  the  "Rb  /  **Sr  ratio  versus  the  *^Sr  /  *^Sr  ratio.  If  a  number  of  types  of  rocks,  for 
example  basalts,  quartzes,  lava  rocks,  limestones,  etc.,  is  obtained  from  a  given  geological 
formation  or  region,  then  these  different  types  will  all  have  different  concentrations  of 
rubidium  and  strontium.  Therefore,  the  isotope  abundance  ratios  will  be  different  for  each 
sample,  and  the  isochron  for  the  system  can  be  constructed  as  in  Figure  2-11.  The  slope  of 
the  isochron  is  given  by  (e^'-l),  and  since  A,  is  known  for  any  given  element,  the  age  or  time 
of  the  system,  t,  can  easily  be  determined.  [62]. 

Another  important  application  of  isotope  analysis  is  in  high  level  nuclear  wastes 
[63,64,65].  The  main  components  of  nuclear  waste  are  fission  products.  These  are  present 
due  to  the  spontaneous  fission  of  heavy  atoms  such  as  ^^^U.  The  steps  of  the  spontaneous 
fission  process  are  illustrated  in  Figure  2-12.  First,  the  nucleus  oscillates  from  a  spherical 
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shape  into  a  more  and  more  ellipsoidal  shape,  until  it  attains  the  shape  of  a  dumbbell.  Then 
the  nucleus  splits  into  two  parts.  The  two  parts  formed  are  of  different  mass  but  similar 
excitation  energies.  The  coulomb  repulsion  energy,  which  is  greater  than  the  nuclear  forces, 
drives  the  products  apart,  and  the  fission  products  attain  high  kinetic  energies.  The  highly 
excited  fission  products  emit  neutrons  and  protons.  All  of  these  processes  occur  within 
10  '^  s.  The  fission  products  then  undergo  beta-minus  emission  or  y-ray  photon  emission  in 
order  to  reach  a  stable  nuclear  configuration.  Since  two  fission  products  are  formed  fi-om 
each  "'U  nucleus,  the  total  mass  yield  must  total  200%.  A  mass  yield  curve  for  ^^^U  is  shown 
in  Figure  2-13,  which  indicates  that  2.55%  of  the  "^U  fissions  will  yield  mass  87,  and  1.32% 
of  the  fissions  yield  mass  85.  This  gives  an  abundance  ratio  of  approximately  2:1  for  the  87 
/  85  ratio.  However,  the  natural  abundance  ratio  of  "^Rb  /  "^Rb  is  27.8%  /  72.2%,  or  1 :2.6. 
The  ratios  of  the  fission  yield  products  change  over  time  due  to  the  decay  process  until  a 
stable  nucleus  is  obtained;  therefore,  the  isotope  abundances  can  give  usefiil  information  of 
the  properties  and  lifetimes  of  the  waste  [66,67].  A  method  for  rapidly  identifying  and 
measuring  isotope  ratios  without  handling  of  the  sample  would  be  beneficial  to  monitoring 
of  radioactive  waste. 
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CHAPTER  3 

THEORETICAL  PRINCIPLES  OF  ISOTOPE  SHIFTS  AND  ISOTOPE  ANALYSIS 


Isotope  Shift 

Very  small  dififerences  in  the  spectra  of  isotopes  can  be  observed.  These  differences 
in  corresponding  electronic  states  of  the  isotopes  of  a  given  element  are  called  isotope  shifts. 
For  light  elements,  this  shift  is  caused  by  a  large  relative  difference  in  the  nuclear  mass  of  the 
isotopes  and  is  called  the  mass  effect.  However,  this  effect  decreases  rapidly  with  increasing 
atomic  weight,  so  the  isotope  shift  which  is  observed  in  heavier  elements  must  be  due  to  a 
different  phenomenon.  The  reason  for  the  isotope  shift  in  heavier  elements  is  the  volume 
effect.  The  volume  or  field-  effect  occurs  because  of  the  different  charge  distributions  in  the 
nuclei  of  the  isotopes. 
Mass  Effect 

The  solution  to  the  Schrodinger  equation  for  a  hydrogen  like  system  gives  the  possible 
energies  for  electronic  states  of  principle  quantum  number  n  as  [68] 


Z'fi^  1 

2 


E  =  f-r^^  (7) 


where  //  is  the  reduced  mass,  mM/(m+M),  m  is  the  mass  of  the  electron.  Mis  the  mass  of  the 
nucleus,    is  the  permittivity  of  free  space,  e  is  the  electron  charge,  h  is  plank's  constant,  and 
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Z  is  the  nuclear  charge.  If  this  equation  is  dififerentiated  with  respect  to  M  and  divided  by  E 
in  order  to  eliminate  the  constant  terms,  then  the  shift  Ao  in  a  line  of  wavenumber  o  for  two 
atoms  with  nuclear  masses  M,  and  Mj  differing  in  mass  by  AM  is  given  by  the  following 
equation  [69]. 

^E    Act     A//  /wAM 
E      G      ^  M^M^ 


It  is  easily  seen  that  the  energy  level  shift  is  proportional  to  the  relative  mass  difiference. 
However,  as  the  mass,  M,  increases  the  isotope  shift  decreases  so  this  effect  is  not  observed 
in  heaver  elements,  specifically  those  with  atomic  number  ^30. 
Volume  Effect 

Pauli  and  Peierls  [70]  first  suggested  that  the  isotope  shifts  observed  in  the  heavier 
elements  (atomic  number  >50)  is  caused  by  the  finite  size  or  volume  of  the  nucleus.  The 
nuclear  charge  distribution  is  altered  by  the  addition  of  neutrons  to  the  nucleus.  When  the 
size  and  shape  of  the  nuclear  charge  distribution  is  altered  for  different  isotopes,  the 
electrostatic  interaction  with  any  electron  charge  distribution  which  overlaps  the  nuclear 
charge  distribution  is  also  perturbed.  This  is  the  case  for  s-electrons  and  sometimes  p- 
electrons  which  have  a  reasonable  probability  of  being  located  near  the  nucleus  [71].  The 
isotopic  shift  due  to  the  volume  effect  increases  as  the  mass  of  the  nucleus  increases,  so 
isotope  shifts  of  approximately  a  wavenumber  are  reported  for  the  heaviest  elements  [69]. 
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Isotopes  and  Laser  Excited  Atomic  Fluorescence  Spectroscopy 

A  two-level  atomic  scheme  is  shown  in  Figure  3-1 .  For  atomic  fluorescence,  the  absorption 
rate  Bjjp^  generally  exceeds  the  collisional  excitation  rate  kjn,,  so  the  strength  of  an  atomic 
fluorescence  line  is  directly  proportional  to  the  absorbed  radiant  power,  (W).  The  total 
fluorescence  power  is  also  dependent  on  the  fluorescence  quantum  eflBciency,  Y,  which  is 
defined  as  the  rate  constant  for  spontaneous  emission  divided  by  the  sum  of  the  rate  constants 
for  all  of  the  other  possible  deexicitation  pathways.  Therefore,  the  total  fluorescence  radiant 
power,  is  the  product  of  the  absorbed  radiant  power  and  the  fluorescence  quantum 
eflBciency. 

<^fl  =  ^aY  (9) 

If  the  source  used  to  excite  the  fluorescence  is  a  line  source  that  emits  at  (m),  then  the 
absorption  radiant  power  is  given  by 

^A  =  ^oaL  (10) 

where  (dimensionless)  is  the  absorption  factor  for  the  line  source,  and  O,,  is  the  incident 
source  radiant  power.  When  opticaUy  thin  conditions  are  considered,     is  given  as 

a,=  I  (11) 

where  e  is  the  electron  charge  (C),  n,  is  the  population  of  level      is  the  oscillator  strength 
for  the  transition  fi-om  level  /  to  level  J,  and  AA^jis  the  eflFective  width  of  the  line  profile, 
is  the  mass  of  the  electron  (kg),  c  is  the  speed  of  light  (m  s  '),     is  the  permittivity  of  fi-ee 
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space  (C^  N' m'^),  and  /  is  the  absorption  path  length  (m).  Manipulating  equations  9, 1 0,  and 
1 1  gives  the  expression  for  the  fluorescence  radiant  power. 

(t>,,=      "    "  V  '  (12) 

The  oscillator  strength,  ^j,  describes  the  number  of  electrons  per  atom  undergoing  a 
radiative  transition,  and  it  is  related  to  the  transition  probability,  the  level  degeneracy,  g,  and 
Einstein  coefficients,  Ajj,  by  the  following  equation. 

2g.;re 

It  is  seen  that  the  oscillator  strength  is  related  to  the  ratio  of  the  level  degeneracies.  The  g- 
values  are  determined  from  the  quantum  number  J  [72,  73]. 

g=2J+\  (14) 

In  the  case  of  analyzing  the  lithium  isotopes  by  fluorescence,  the  two  lines  which  are 
evaluated  are  the  transition  2S,;2  ^  '^Pm  for  ^Li,  and  the  transition  2S,;2  -  2?,^  for  ^Li. 
Substituting  the  relevant  g- values  into  the  fluorescence  power  equation,  the  expressions  for 
each  lithium  isotope  can  be  determined. 

g  2 

^Li:       0    oc  rt,     oc  «,  -  oc  n^  (15) 
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7  4 
Li:      ^  FL^    —  ^    ~  ^  2a7, 
Si  2 

Therefore,  the  ratio  of  the  fluorescence  intensities  must  be  corrected  by  a  fector  of  two  in 
order  to  obtain  the  true  isotope  ratio  of 'Li  /  *  Li. 

The  use  of  a  laser  source  in  atomic  fluorescence  spectroscopy  offers  several 
advantages,  including  the  ability  to  saturate  the  atomic  transition  because  of  the  high  spectral 
energy  density  of  the  laser.  It  can  be  seen  from  equation  1 2  that  as  the  incident  source  radiant 
power,  ^>o,  increases,  so  does  the  fluorescence  intensity,  OpL-  However,  even  though  the 
fluorescence  signal  saturates  at  increasing  laser  power,  the  resonance  fluorescence  scattering 
signal  does  not.  Therefore,  the  interference  from  the  scattering  signal  worsens  as  the  laser 
power  is  increased,  so  an  optimum  laser  power  must  be  used.  This  optimum  power  is 
determined  from  a  plot  of  as  a  fimction  of  Oq,  which  is  called  a  saturation  curve.  The 
saturation  curve  asymptotically  approaches  a  plateau  value  as     "  °°  [72]. 


(16) 


Isotopes  and  Laser  Atomic  Absorption  Spectroscopy 

If  we  consider  an  absorbing  medium  with  a  uniform  concentration  and  a 
monochromatic  source,  then  an  expression  for  the  amoimt  of  radiation  absorbed  by  the 
medium  can  be  determined.  The  source  radiant  power  incident  on  a  thin  slice  of  the  absorbing 
medium  is  and  the  amount  of  radiation  absorbed  is  dO.  Since  the  number  of  absorbing 
species  which  interact  with  the  beam  is  directly  proportional  to  the  thickness  of  the  slice,  dL, 
the  amount  of  radiation  absorbed  can  be  expressed  as  [73] 
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d^  =  -k^dl  (17) 

where  k  is  the  absorption  coeflBcient  (cm  ')  which  is  dependent  on  wavelength  and 
concentration,  and  the  minus  sign  indicates  the  attenuation  of  the  incident  radiation.  The 
absorption  for  an  absorbing  medium  of  finite  thickness  / ,  where  is  the  incident  radiant 
power  at  thickness  zero  and  O  is  the  radiant  power  emerging  at  thickness  1,  is  easily 
determined. 

This  equation  can  be  expressed  as 

In-— =-^/  (19) 

or 

^  =  <^^e-"  (20) 

which  indicates  that  the  transmitted  radiant  power  decreases  exponentially  with  increasing 
distance  through  the  absorbing  medium.  The  transmittance  T  =  O/Oq  =  e"*^  is  most  often  the 
quantity  measured  in  absorption  spectroscopy.  The  absorbance  is  defined  as  A  =  -logT  =  kl. 
Absorbance  is  a  Unear  fimction  of  the  concentration  dependent  term  k.  This  expression  is 
commonly  referred  to  as  the  Beer-Lambert  Law. 

For  atomic  absorption,  the  case  of  a  narrow  spectral  line  source  can  be  considered  to 
determine  the  relationship  between  absorbance.  A,  and  the  number  of  analyte  atoms  n^.  When 
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the  spectral  profile  of  the  source  is  much  narrower  than  that  of  the  absorption  coeflBcient, 
k(A)  can  be  considered  constant  over  the  source  profile  and  equal  to  its  maximum  value,  kn,. 
Therefore,  the  absorption  fector  for  a  line  source  is  given  by  [73] 

„^  (2,) 

and  if  Beer's  law  for  the  wavelength  dependent  spectral  radiant  power  is  substituted  into  the 
above  expression,  then     is  given  by  the  following. 

=  f  =  1  -  e-'"'  (22) 


The  absorption  coeflBcient  k„  is  dependent  on  wavelength  and  concentration  by  [72] 


K  =  (23) 


and  the  peak  absorbance,  A^,  is  given  by  AL=-log(l-aL)=0.434k„l.  Therefore,  if  the 
absorbance  value  is  measured  at  the  peak  absorbance,  then  the  absorbance  is  directly 
proportional  to  the  atom  number  density,  n^.  [73]. 

A,  =  0.434  ^     "  (24) 


CHAPTER  4 

ANALYSIS  OF  RUBIDIUM  AND  POTASSIUM  IN  SOLIDS 

*■  .  - 

Introduction 

The  original  goal  of  this  project  was  to  evaluate  the  possibility  of  using  laser  excited 
atomic  fluorescence  and  laser  source  atomic  absorption  as  detection  schemes  for  laser  induced 
plasma  spectroscopy.  Typically,  optical  emission  is  detected  for  identification  and 
quantification  of  the  species  in  a  laser  induced  plasma.  However,  fluorescence  and  absorption 
can  provide  more  sensitivity  than  emission.  In  these  experiments,  the  fluorescence  and 
absorption  of  rubidium  and  potassium  have  been  measured  with  good  sensitivity,  precision, 
and  accuracy  in  several  solid  matrices. 

Experimental 

The  experimental  arrangement  is  shown  in  Figure  4-1.  A  Nd:YAG  laser  at  the 
fimdamental  wavelength  of  1064  nm  was  focused  onto  the  surface  of  a  solid  sample.  For  the 
rubidium  measurements  a  Laser  Photonics  Nd:YAG  was  used,  and  for  the  potassium 
measurements  a  Quantel  Nd:  YAG  laser  was  used  for  ablation.  The  samples  used  were  solid 
pressed  pellets  of  copper  or  NIST  standard  reference  materials.  The  samples  were  placed 
inside  a  6  cm  x  6  cm  x  6  cm  stainless  steel  chamber  with  quartz  windows  on  five  sides  of  the 
chamber.  The  excitation  beam  was  provided  by  a  Ti:Sapphire  laser  (Schwartz  Electro 
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Optics,  Titan  series,  USA)  which  was  pumped  by  a  5.0  W  argon  ion  laser  (  model  #  2060, 
Spectra  Physics,  USA).  The  Ti:  Sapphire  laser  was  operated  in  the  ring  mode  such  that  the 
bandwidth  was  400  MHz. 

The  resonance  atomic  fluorescence  which  was  excited  in  the  plasma  was  collected  at 
ninety  degrees  to  the  excitation  beam  by  a  monochromator  (DigDcrom  240,  CVI,  USA)  and 
a  red-sensitive  PMT  (R363,  Hamamatsu,  Japan).  A  boxcar  (Stanford  Research  Systems, 
SR250,  USA)  was  used  to  integrate  the  fluorescent  signal  with  a  gate  width  of  300  us  and 
a  delay  time  set  to  zero,  such  that  the  initial  300  ^s  of  fluorescence  signal  was  collected.  The 
fluorescent  signal  was  measured  for  an  argon  atmosphere  pressure  of  1.0  Torr. 

A  second  PMT  was  positioned  behind  the  sample  chamber  in  line  with  the  excitation 
beam  in  order  to  monitor  the  absorption  of  the  Ti:  Sapphire  radiation  by  the  analyte  atoms  in 
the  plasma.  Another  boxcar  was  used  to  collect  the  absorption  signal  and  the  gate  width  and 
delay  time  were  set  to  5  ^s  and  100  ^s  respectively.  The  atomic  absorption  was  also 
measured  at  an  argon  pressure  of  1 .0  Torr.  The  PMT  signal  for  the  probe  radiation  with  no 
plasma  was  recorded  for  the  initial  intensity  (Iq),  and  the  amount  of  light  passing  through  the 
plasma  was  recorded  as  the  signal  (I),  so  that  the  total  fraction  of  light  transmitted  (I/Iq)  could 
be  determined.  This  fraction  is  T,  and  absorbance.  A,  is  easily  calculated  from  Beer's  law, 
A  =  -log  (T). 

The  samples  used  in  this  experiment  were  all  fine  powders  which  were  pressed  into 
solid  pellets.  The  copper  matrix  standards  were  prepared  by  depositing  an  aqueous  RbCl  or 
KCl  solution  into  the  fine  copper  powder,  mixing  well,  drying,  and  pressing  into  solid 
samples  with  a  hydraulic  press. 
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Results  and  Discussion 


Partial  energy  level  diagrams  illustrating  the  probed  transitions  are  given  in  Figure  4-2. 
The  resonance  fluorescence  of  rubidium  at  780  nm  was  measured  in  copper  san^)les.  Optical 
saturation  of  fluorescence  was  checked  to  insure  that  saturation  conditions  were  met  in  order 
to  obtain  the  best  possible  fluorescence  signal.  This  is  shown  in  Figure  4-3.  Working  at  a 
Ti:  Sapphire  power  of  200  mW,  which  corresponds  to  the  optimum  fluorescence  excitation 
power,  copper  standards  with  rubidium  concentrations  fi-om  1  - 1 000  ppm  were  analyzed.  The 
resulting  calibration  curve  was  linear  with  measurement  precisions  of  5-10%  RSD.  (Figure 
4-4)  The  3o  limit  of  detection  was  determined  to  be  580  ppb.  By  measuring  the  average  mass 
ablated  per  laser  shot,  the  absolute  limit  of  detection  was  calculated.  For  rubidium,  this  was 
determined  to  be  350  fg. 

The  766  nm  resonance  fluorescence  of  potassium  was  measured  in  prepared  copper 
samples.  The  calibration  curve  for  potassium  is  given  in  Figure  4-5.  The  fluorescence 
intensity  is  linear  with  concentration,  and  the  measurement  precision  is  1 0-20%  The  precision 
is  worse  for  potassium  than  for  rubidium  because  of  the  different  Nd:YAG  ablation  laser 
used,  the  Quantel  Nd:  YAG  was  significantly  older  and  required  the  use  of  several  prisms  for 
steering  the  beam  to  the  chamber,  so  the  shot-to-shot  reproducibility  was  10%  at  the 
experiment.  This  was  significantly  worse  than  the  5%  shot-to-shot  reproducibility  of  the 
Laser  Photonics  NdrYAG  laser.  The  3o  limit  of  detection  was  foxmd  to  be  200  ppb  with  a 
corresponding  absolute  limit  of  detection  of  50  fg. 
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The  accuracy  of  this  technique  was  evaluated  by  analyzing  the  potassium  fluorescence 
signals  from  NIST  standard  reference  materials  (SRM).  Three  iron  ore  san^les  were 
available,  and  SRM  690  (K  concentration  of  25  ppm)  and  SRM  692  (K  concentration  of  320 
ppm)  were  mixed  in  order  to  make  two  other  standards  for  obtaining  a  reliable  calibration 
curve.  The  resulting  calibration  is  shown  in  Figure  4-6.  The  error  associated  with  weighing 
and  mixing  is  reflected  in  the  deviation  of  the  two  prepared  standards  from  the  linear 
response.  Table  4-1  gives  the  certified  and  measured  concentrations  of  potassium  in  the 
NIST  iron  ores.  For  determining  an  iron  ore's  concentration,  the  point  on  the  calibration 
curve  corresponding  to  that  ore  was  removed  from  the  calibration  curve,  and  the  curve  was 
reconstructed  based  on  the  remaining  points.  The  "unknown"  iron  ore  concentration  was 
then  determined  from  the  new  calibration  curve. 

Table  4-1 :  Certified  and  measured  values  of  potassium  in  NIST  iron  ore  samples  for 


LA-LEAFS. 


NIST  SRM 

Certified  Cone, 
(ppm) 

Measured  Cone, 
(ppm) 

Iron  Ore  690 

25  ±  4 

26.8  ±  0.3 

Iron  Ore  27f 

66±  17 

65.2  ±0.8 

Iron  Ore  692 

320  ±  25 

313±  1 

The  selectivity  of  this  technique  was  evaluated  by  determining  if  the  copjjer  ion 
emission  line  at  766.46  nm  interfered  with  the  766.49  nm  potassium  fluorescence.  This  was 
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done  by  comparing  the  LEAFS  and  emission  spectra  from  a  pure  copper  pellet  and  a  copper 
peUet  containing  1  %  potassium.  These  spectra  are  given  in  Figure  4-7.  The  emission  spectra 
from  the  pure  copper  target  shows  very  little  emission  at  766.46  nm.  Only  when  potassium 
is  present  is  there  significant  emission  or  laser  excited  fluorescence  at  this  wavelength,  so  no 
interference  from  copper  is  present. 

Laser  source  atomic  absorption  was  also  evaluated  in  the  laser  induced  plasma. 
Rubidium  was  measured  in  NIST  coal  fly  ash  samples  and  potassium  was  again  analyzed  in 
the  iron  ores  sanples.  The  results  are  seen  in  Figures  4-8  and  4-9.  The  3o  limits  of  detection 
for  rubidium  and  potassium  were  determined  to  be  20  and  1  ppm  respectively.  The  resulting 
absolute  limits  of  detection  were  5  pg  for  Rb  and  0.3  pg  for  K.  The  precisions  were  similar 
to  those  obtained  with  fluorescence  detection.  The  accuracy  for  LA-LAAS  was  determined 
in  the  same  manner  as  that  for  fluorescence  with  the  NIST  iron  ores.  The  certified  and 
measured  values  for  the  potassium  concentration  are  given  in  Table  4-2. 


Table  4-2:  Certified  and  Measured  potassium  concentrations  of  NIST  iron  ore  samples  for 


LA-LAAS. 


NIST  SRM 

Certified  cone, 
(ppm) 

Measured  Cone, 
(ppm) 

Iron  Ore  690 

25  ±4 

21  ±7 

Iron  Ore  27f 

66±  17 

58  ±7 

Iron  Ore  692 

320  ±  25 

325  ±  14 
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Temperature  Measurements 

The  temperature  in  the  laser  induced  plasma  was  determined  by  the  two-line  emission 
method.  The  ratio  of  the  integral  intensities  of  two  thermal  emission  lines  of  the  same  element 
is  given  by 


^2 


Qxp[{E^-E,)/kT]  (25) 


where  X,  and  are  the  wavelengths  of  the  two  emission  lines,  B,  and  are  the  respective 
emission  intensities.  A,  and  Aj  are  the  Einstein  coeflBcients,  g,  and  gj  are  the  statistical 
weights,  E]  and  Ej  are  the  upper  energy  levels,  k  is  the  Boltzman  constant,  and  T  is 
temperature.  Since  A,  k,  g,  and  E  are  usually  tabulated  for  any  given  transition,  the 
temperature  can  be  calculated  from  the  ratio  of  the  emission  intensities  [72]. 

The  two  lines  used  were  the  465  nm  and  510  run  copper  emission  lines,  which 
correspond  to  upper  energy  levels  of  62403  cm  '  and  30784  cm  '  respectively.  A 
representation  of  how  the  relative  intensities  of  the  two  copper  emission  lines  change  as  the 
plasma  progresses  in  seen  in  Figure  4- 1 0.  The  resulting  plasma  temperatures  at  delay  times 
of  1-20  ^s  are  shown  in  Figure  4-11.  The  plasma  temperature  decays  from  17,000  to 
10,000  K  for  the  first  five  microseconds  of  the  plasma  lifetime. 
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Conclusions 

Laser  excited  atomic  fluorescence  and  laser  soiirce  atomic  absorption  have  been  used 
successfully  to  measure  trace  amounts  of  rubidium  and  potassium  in  solid  samples  with  good 
precision  and  excellent  accuracy.  Both  methods  give  a  linear  response  with  concentration. 
Absolute  detection  limits  on  the  order  of  fg  were  obtained  for  LEAFS  and  absolute  detection 
limits  of  pg  were  obtained  for  LAAS.  The  temperature  of  the  laser  induced  plasma  on  a 
copper  target  was  measured  by  the  two-line  emission  method  which  indicated  a  high 
temperature  of  17,000  -  10,000  K  for  early  plasma  stages  of  less  than  5  ^s. 


CHAPTERS 

ISOTOPE  ANALYSIS  OF  LITHIUM  BY  LASER  ABLATION  WITH 
LASER  EXCITED  ATOMIC  FLUORESCENCE  DETECTION 


Introduction 

Many  problems  in  geochemical  elemental  analysis,  and  related  fields,  would  benefit 
fi-om  a  rapid,  in  situ  technique  for  isotopic  determinations.  Traditional  methods,  such  as 
thermal  ionization  mass  spectrometry  (TIMS),  while  generally  very  precise  and  accurate,  tend 
to  be  extremely  expensive  and  slow.  Sample  treatment  is  also  laborious  and  time-consuming. 
The  more  recently  developed  technique,  inductively  coupled  plasma  mass  spectrometry,  is 
faster  but  normally  requires  the  same  complex  sample  dissolution  procedures  needed  for 
TIMS. 

Lithium  is  of  particular  interest  because  of  the  way  in  which  it  participates  in  many 
geological  processes.  Because  of  the  relatively  large  mass  difference  between  the  6  and  7 
isotopes,  it  is  a  fevorable  candidate  for  isotope-selective  fi-actionation  which  occurs  in  many 
geological  processes  and  therefore  it  can  serve  as  an  indicator  of  past  geological  behavior. 
It  is  widely  distributed  throughout  the  Earth's  crust  at  levels  of  a  few  ppm  [75].  The  average 
level  in  the  earth's  crust  is  about  20  ppm,  ranging  from  5  to  200  ppm  in  soils,  10  to  100  ppm 
in  basalts  and  60  ppm  in  shales  [76].  Lithium  isotopic  determinations  are  also  of  interest  in 
cosmological  investigations,  through  determinations  in  meteorites  [77],  and  are  usefiil  as 
tracers  for  ocean  crust  studies  [78]  and  underwater  hydrothermal  activity  [79]. 
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By  far  the  largest  number  of  lithium  isotopic  determinations  on  geological  samples 
have  been  carried  out  using  TIMS.  The  procedure  generally  involves  a  sample  dissolution 
and  separation  process.  A  common  procedure  is  to  grind  the  sample  and  decompose  it  with 
a  low-tenq)erature  digestion  in  a  mixture  of  HF  and  HCIO4.  Cation  exchange  is  often  used 
to  separate  the  lithium  from  potential  interferences.  The  resulting  solution  is  then  placed  on 
a  rhenium  filament  inside  the  mass  spectrometer  and  slowly  heated  to  vaporize  the  sample. 
The  most  difficult  problem  for  accurate  and  precise  analysis  is  the  control  of  the  temperature- 
induced  fractionation  during  the  vaporization  process  from  the  filament.  Common 
approaches  include  the  conversion  of  the  sample  to  a  molecular  form  which  exhibits  minimal 
fractionation,  such  as  lithium  difluoride,  lithium  tetraborate  and  lithium  phosphate  [80]. 
Isotopic  reference  materials  are  also  widely  used  to  provide  a  correction  for  isotopic  bias. 
Typically,  a  precision  of  from  0. 1  to  1  %  can  be  obtained. 

Gregoire  et  al.  have  evaluated  the  use  of  inductively  coupled  plasma  mass 
spectrometry  (ICP-MS)  for  lithium  isotope  determinations  [81].  Samples  were  digested  in 
HF  and  HCl  and  separated  using  column  chromatography.  Isotopic  reference  materials  were 
used  to  correct  for  instrumental  mass  discrimination.  A  relative  precision  of  0.8%  was 
achieved  for  several  mineralogical  specimens.  Although  the  measurement  time  was  somewhat 
reduced  with  respect  to  TIMS,  the  complex  sample  dissolution  and  separation  procedures 
were  similarly  necessary. 

IsotopicaUy  selective  elemental  determinations  can  also  be  made  using  spectroscopic 
techniques.  Lithium  has  a  very  large  isotope  shift,  because  of  the  relatively  large  difference 
in  mass  between  *Li  and  ^Li,  making  it  a  good  candidate  for  measurement  by  various 
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spectroscopic  techniques.  For  example,  the  individual  isotopes  have  been  determined  by 
atomic  absorption  spectrometry  by  simply  using  mono-isotopic  hollow  cathode  lamps  as 
sources  and  a  flame  as  the  atom  reservoir  [82,83 ,84] .  The  idea  of  determining  isotopes  in  this 
way  was  proposed  as  early  as  1 955  by  Walsh  [85],  and  was  first  demonstrated  by  Zaidel  a  few 
years  later  [86].  Because  the  isotope  shift  for  the  resonance  line  is  about  15  pm  and  the 
lithium  doublet  at  670.776  nm  and  670.791  ran  is  separated  by  about  the  same  amount,  the 
absorption  line  in  a  flame  has  four  components  with  the  inner  peaks  overlapping.  The 
individual  fine  structure  components  have  fiill  width  half  maxima  (FWHM)  of  8-10  pm  in  an 
air-acetylene  flame.  Therefore,  usefiil  isotopicaUy  selective  absorption  measurements  can  be 
made  with  a  moderate  amount  of  peak  deconvolution.  Although  the  method  is  quite 
convenient  and  relatively  inexpensive,  it  still  involves  the  complicated  dissolution  of  the 
sample  for  introduction  into  the  flame  and  cannot  achieve  a  precision  better  than  about  0.5% 
because  of  the  noise  associated  with  the  flame  as  an  atom  reservoir.  Figure  5-1  shows  a 
partial  energy  level  diagram  for  the  Li  transition.  Preliminary  results  will  be  shown  below, 
which  demonstrate  the  suitability  of  the  laser  ablation  -  laser  excited  atomic  fluorescence 
technique  for  analyzing  the  lithium  isotopes  in  a  solid  sample. 

The  laser  induced  plasma  is  nearly  an  ideal  atom  reservoir  for  atomic  fluorescence 
measurements,  both  for  plasma  diagnostics  and  for  analytical  measurements.  At  some  point 
in  time  during  the  life  of  the  plasma,  the  entire  ablated  atom  population  must  pass  through  a 
small  probe  volume  which  is  efficiently  excited  by  a  dye  laser  beam.  When  the  fluorescence 
measurement  is  made  at  a  sufficient  delay  time  with  respect  to  the  plasma  formation,  the 
background  emission  fi-om  the  plasma  is  negligible.  In  recent  studies  by  Gomushkin  et  al.. 
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laser  excited  atomic  fluorescence  (LEAFS)  has  been  used  to  probe  the  atom  population  in 
several  matrices  using  a  UV  laser  (308  nm  excimer)  as  the  ablation  source.  One  excimer  laser 
was  used  as  the  ablation  source  and  another  was  used  to  pump  a  dye  laser  for  the 
fluorescence  excitation.  Levels  of  Pb  in  copper,  brass,  steel  and  zinc  matrices  were  measured 
in  the  range  from  0. 1 5  ppm  to  750  ppm  in  a  low  pressure  atmosphere  [87].  No  matrix  effect 
was  observed,  providing  a  universal  calibration  curve  for  all  samples  with  relative  standard 
deviations  of  approximately  20%.  The  relative  and  absolute  limits  of  detection  were  22  ppb 
and  0.5  fg,  respectively.  In  another  study  with  the  same  laser  systems,  cobalt  was  determined 
in  soil,  steel  and  graphite  matrices  [88].  In  this  experiment,  the  cobalt  was  excited,  after  a 
delay  of  16  us,  from  a  level  which  was  already  populated  in  the  ablation  plasma  and  was 
monitored  at  the  Stokes-shifted  wavelength.  Detection  limits  in  the  ppb  to  ppm  range  and 
linearity  over  about  four  orders  of  magnitude  were  obtained.  ExceUent  correlation  of  the  LA- 
LEAFS  with  laser  ablation  ICP-MS  and  with  certified  values  for  Co  in  an  SRM  soil  standard 
were  shown.  The  absolute  limits  of  detection  ranged  from  30  fg  to  500  fg  in  the  three 
matrices. 

The  goal  of  this  work  was  to  examine  the  principal  capability  of  this  LA-LEAFS 
system  to  resolve  the  isotopic  structure  of  lithium  and  to  obtain  some  preliminary  quantitative 
results  of  the  isotope  ratio  analysis. 

Experimental 

The  LA-LEAFS  instrumentation  is  shown  in  Figure  5-2.  The  ablating  laser  (Questek 
2000  Series  Excimer,  308  nm),  triggered  by  a  puke  generator  (Hewlett  Packard  8003A)  at 
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a  frequency  of  10  Hz,  was  directed  through  the  qiiartz  window  into  a  small  chamber 
containing  a  solid  san^le.  The  laser  beam  was  weakly  focused  onto  the  sur&ce  of  the  sample 
using  a  biconvex  quartz  lens  (FL  =  70  mm)  to  produce  an  irradiance  of  approximately 
5-10^  W/cm  on  the  surfece.  The  cubic  chamber  (5  cm  x  5  cm  x  5  cm),  which  was  made  of 
stainless  steel  and  had  quartz  windows  on  each  face,  was  designed  to  be  compatible  both  with 
vacuum  and  a  controllable  gas  atmosphere.  It  was  slowly  moved  (0.5  mm/min)  as  a  whole 
in  the  horizontal  direction  providing  a  partially  fresh  spot  on  the  surface  of  the  sample  for 
each  consecutive  ablating  pulse.  Approximately  2000  laser  shots  were  delivered  over  2  mm 
of  the  sample  length. 

Scattered  light  from  the  ablating  laser  was  used  to  trigger  a  delay  generator  built  into 
the  boxcar  (model  SR250)  which  was  connected  with  a  gate  scanner  (model  SR200,  both 
Stanford  Research  Systems  Inc.,  USA).  A  gate  with  a  fixed  or  scanned  delay  triggered  a 
second  308  nm  excimer  laser  (LPXIOO,  Lambda  Physics  GmbH,  Germany),  which  was  used 
to  pump  the  Cresyl  Violet  670  dye  laser  (EPD-330,  Lumonics  Inc.,  Canada).  The  dye  laser 
output  (1 .5  mm  x  4  mm)  was  directed  through  the  plasma  plume  at  about  0.5  mm  above  the 
surface  of  the  sample  and  scanned  across  the  670  nm  Li  doublet  at  a  speed  of 0.025  nm/min. 

The  resonance  fluorescence  was  collected  at  a  right  angle  to  the  excitation  beam. 
Two  biconvex  quartz  lenses  (f  =  60  mm,  45  mm  diameter;  f  =  100  mm,  50  mm  diameter) 
imaged  the  plasma  glow  into  a  0.24  m  focal  length  monochromator  with  an  effective  aperture 
of  f3.9  and  a  grating  blazed  at  250  nm.  The  monochromator  entrance  and  exit  sUts  were  50 
jxm,  providing  a  spectral  bandpass  of  0. 1 6  nm. 
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The  detection  system  for  further  signal  processing  included  a  PMT  (model  R928, 
Hamamatsu,  Japan),  a  300  MHz  voltage  amplifier  (model  SR440,  Stanford  Research  Systems, 
Inc.)  with  a  gain  of  five,  and  a  boxcar  integrator  (model  SR250,  Stanford  Research  Systems 
Inc.)  with  a  gate  width  of  25  ns.  In  order  to  maintain  a  linear  response  range  for  the  PMT, 
the  fluorescence  signal  was  attenuated  by  a  set  of  colored  glass  filters  which  were  calibrated 
at  the  excitation  and  fluorescence  wavelengths.  The  fluorescence  signal  was  continuously 
monitored  by  a  500  MHz  bandwidth  oscilloscope  (TDS  620A,  Tektronix,  USA). 

A  pressed  pellet  of  pure  lithium  oxalate  (13.6%  Li)  was  used  throughout  the 
experiment. 

Results  and  Discussion 

One  of  the  most  important  figures  of  merit  in  isotope  ratio  analysis  is  the  precision; 
therefore,  all  possible  sources  of  noise  should  be  reduced  as  much  as  possible.  One  such 
source  is  the  flicker  noise  caused  by  fluctuations  in  the  fluorescence  excitation  laser 
irradiance.  This  noise  can  be  avoided  by  operating  under  saturation  conditions  where  the 
fluorescence  becomes  independent  of  the  laser  energy  and  is  also  independent  of  interferences 
caused  by  variations  in  the  quenching  environment.  The  saturation  plot  for  Li  excited  at 
670.784  nm  is  shown  in  Figure  5-3.  The  laser  energy  delivered  to  the  plasma  (50  ^J)  in  this 
e5q)eriment  was  enough  to  exceed  the  saturation  pulse  energy.  A  set  of  colored  glass  filters 
was  used  to  attenuate  the  dye  laser  beam  down  to  the  50  needed  to  satisfied  the  saturation 
condition,  and  still  minimize  the  amount  of  resonance  laser  stray  light  reaching  the  detector. 

Other  parameters  crucial  for  the  isotope  ratio  determination  were  also  optimized:  the 
pressure  of  inert  gas  in  the  ablation  chamber,  the  delay  time  between  the  ablating  and  the 
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exciting  laser,  the  irradiance  of  the  ablating  laser,  and  the  measurement  height  above  the 
surfece  for  the  fluorescence  excitation.  Figures  5-4  and  5-5  show  the  effect  of  pressure  and 
the  delay  time  on  the  fluorescence  intensity  and  on  the  spectral  resolution.  As  one  can  see 
from  Figure  5-4,  at  pressures  below  1 00  mTorr  a  fine  isotope  structure  containing  three  peaks 
of  the  670.8  nm  Li  doublet  can  distinctly  be  resolved,  but  at  higher  pressures  the  structure 
disappears.  Clearly,  line  broadening  and,  correspondingly,  pressure  and  temperature  within 
the  plasma  plume  are  much  higher  in  a  shielding  atmosphere  than  in  a  vacuum,  at  least  at  a 
delay  time  of  1 .6  us  after  the  plasma  was  ignited.  Increasing  the  delay  time  at  an  optimum 
pressure  of  10  mTorr  (Figure  5-5)  does  not  affect  the  resolution  but  leads  to  a  significant 
decrease  in  the  signal  intensity  caused  by  difilision  and  chemical  reduction  of  neutral  Li  atoms 
in  the  cooling  plasma. 

Figure  5-6  shows  the  resulting  fluorescence  spectrum  (taken  1  cm  above  the  sample 
surface)  with  the  isotopic  components  labeled.  The  shaded  area  in  Figure  5-6  shows  the 
deconvoluted  peaks  for  the  two  isotopes  obtained  using  a  Lorentzian  line  profile.  As 
discussed  above,  the  inner  two  peaks  overlap  completely  while  the  outermost  pair  can  be  used 
for  determination  of  the  ^Li  /*Li  ratio.  The  resolution  is  limited  by  the  spectral  bandwidth  of 
the  dye  laser,  which  is  10  pm.  An  estimate  of  the  Li  isotope  ratio  from  the  data  similar  to 
that  shown  in  Figure  5-6  and  obtained  in  10  consecutive  scans  gives  a  value  of  12. 1±  0.5 
which  is  close  to  the  generally  accepted  natural  abundance  ratio  of  1 2.33  [89] .  The  precision 
can  further  be  improved  by  using  a  higher  laser  repetition  rate  and  increasing  the  number  of 
scans.  However,  it  was  discovered  during  the  course  of  this  work  that  salts  which  are 
purchased  from  a  supplier  have  uncertain  lithium  isotope  abundances  because  the  *Li  has  been 
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artificially  depleted  for  sale  to  the  U.S.  Army  for  their  thermonuclear  weapons  program. 
Therefore,  an  independent  ICP-MS  experiment  was  performed  to  confirm  the  isotope  ratio. 
A  1  ppm  solution  of  the  lithium  oxalate  salt,  which  was  used  to  make  the  sample  pellet,  was 
prepared.  This  solution  was  introduced  into  a  Finnigan  Quadrupole  ICP-MS  instrument  and 
the  lithium  isotope  ratio  for  'Li  /  *Li  was  measured  and  determined  to  be  11 .95  ±  0.08. 

Conclusions 

The  resuhs  of  this  study  show  the  usefiibiess  ofhigh  spectral  resolution  measurements 
in  the  laser  induced  plasma  for  the  rapid  and  isotopically  selective  determination  of  lithium 
in  solid  samples.  The  error  in  the  isotope  ratio  determination  (currently  4  %  RSD)  can  fiarther 
be  reduced  by  optimizing  the  experimental  conditions.  The  LA-LEAFS  combination 
possesses  very  good  sensitivity  and  can  provide  a  method  for  fast,  direct  analysis  of  solid 
samples  with  no  sample  preparation  or  dissolution  needed. 


CHAPTER  6 

ISOTOPE  ANALYSIS  BY  LASER  ABLATION  WITH  LASER  ATOMIC 
ABSORPTION  DETECTION 


Introduction 

Isotope  selective  analysis  is  of  important  analytical  interest  because  of  the  uses  of 
isotopes  in  geological  dating  methods  and  monitoring  of  high  level  radioactive  wastes  [90- 
95].  Rubidium  has  two  significant  isotopes,  *'Rb  and  *^Rb  with  a  natural  abundance  of  72.2% 
and  27.8%  respectively  [96].  The  *'Rb  isotope  decays  by  emission  of  an  electron  to  form 
stable  *'Sr  with  a  half-life  of  4.88  x  10'°  yr.  Therefore,  the  Rb-Sr  method  is  used  as  an 
atomic  clock  which  dates  geological  systems  by  constructing  an  isochron  based  on  the 
comparison  of  *^Rb  and  *'Sr  concentrations.  The  age  of  the  system  can  be  determined  from 
the  slope  of  the  isochron  [62].  Rubidium  is  also  important  because  it  is  one  of  the  products 
of  the  fission  of  uranium-235,  and  therefore  it  is  a  component  of  radioactive  wastes.  When 
the  fission  of  ^'^U  occurs,  it  splits  asymmetrically  into  two  unstable  fragments,  and  these 
fragments  then  undergo  beta-minus  decay  to  reach  a  stable  nucleus.  The  fission  yield  of  mass 
87  is  2.55%,  and  the  yield  of  mass  85  is  1.32%  [97]. 

The  field  of  isotope  analysis  has  been  dominated  by  mass  spectrometric  (MS) 
techniques  which  require  elaborate  sample  dissolution  and  pre-treatment  procedures  before 
analysis.  Laser  Induced  Breakdown  Spectroscopy  (LIBS)  is  gaining  much  j)opularity  as  a 
method  for  direct  analysis  of  solid  sanples  [98,99, 1 00],  and  LIBS  has  been  shown  to  provide 
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a  simple,  rapid  technique  for  direct  isotope  analysis.  Niki  and  coworkers  [101]  demonstrated 
the  use  of  LIBS  for  measuring  the  isotope  ratio  of  boron  by  observing  the  emission  bands  of 
the  BO  molecule  produced  at  low  pressure.  A  Nd:YAG  laser  was  used  to  create  a  plasma 
on  a  boron  disk  inside  a  low  pressure  chamber  and  the  emission  was  collected  with  a 
monochromator  and  a  PMT.  Pretsch,  Petit,  and  Briand  reported  the  determination  of  the 
isotope  ratio  of  ^^*U  and  ^^^U  by  optical  emission  spectroscopy  in  a  laser  induced  plasma  at 
reduced  pressure.  They  used  a  XeCl  laser  to  produce  the  plasma  on  solid  samples  of  natural 
and  enriched  uranium,  and  they  reported  a  relative  standard  deviation  of  five  percent  in  the 
isotope  ratio  measurements  [102]. 

Among  other  spectroscopic  methods  for  isotope  analysis.  Laser  Source  Atomic 
Absorption  spectrometry  (LAAS)  is  to  be  considered  a  highly  selective  spectrometric 
technique  [103,104].  Wizeman  and  Niemax  were  able  to  resolve  hyperfine  components  of 
^Li  and  ^Li  as  well  as  "Rb  and  *^Rb  by  Doppler-fi-ee  absorption  techniques  in  a  graphite 
furnace  [  1 05] .  In  another  paper,  Wizeman  and  Niemax  have  also  demonstrated  isotope  ratio 
analysis  of  lead  by  Doppler-fi'ee  saturation  spectroscopy  in  a  graphite  fiimace.  The  lead 
isotope  shifts  were  measured  using  fi-equency  doubled  diode  laser  radiation  at  405.8  nm,  and 
calibration  using  isotope  dilution  was  demonstrated  [106]. 

This  paper  reports  the  first  use  of  laser  ablation  combined  with  LAAS  to  resolve  the 
isotope  structure  of  the  rubidiimi  D2  transition  and  to  measure  **Rb/*'Rb  isotope  ratio.  A 
narrowband  laser  is  focused  onto  the  plasma  plume  formed  on  a  solid  calcium  carbonate 
sample  inside  a  low  pressure  chamber  and  scanned  across  the  rubidium  isotope  structure. 
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This  experiment  provides  a  simple,  acciirate  means  of  isotope  analysis  of  solid  samples 
without  sample  dissolution  and  with  minimal  sample  pretreatment. 

Experimental 

The  experimental  arrangement  is  shown  in  Figure  6-1.  A  Nd:YAG  laser  (Quantel 
Brilliant,  France)  at  100  mJ,  7.3  Hz,  and  1064  nm  is  focused  onto  the  surfece  of  a  solid 
sample  to  form  a  plasma.  The  sample  is  moimted  inside  a6cmx6cmx6cm  stainless  steel 
chamber  with  a  controlled  atmosphere  of  argon  which  was  maintained  by  a  precision  needle 
valve  and  monitored  with  a  pressure  gauge  (model  #  221 AHS,  Baratron,  USA).  The  plasma 
was  probed  by  the  780.02  nm  radiation  of  a  TirSapphire  laser  (Schwartz-Electro  Optics,  Titan 
series,  USA)  which  was  pumped  with  a  5  .OW  Argon  Ion  laser  (model#  2060,  Spectra  Physics, 
USA).  The  TirSapphire  laser  was  operated  in  the  ring  mode  with  a  spectral  bandwidth  of  400 
MHz.  The  ability  to  scan  the  laser  was  provided  by  an  in-house  construction  including  an 
intercavity  Fabery-Perot  etalon  mounted  onto  a  precise  rotation  stage.  The  rotation  stage 
was  connected  to  a  stepping  motor  (model#  EPC-0 1 5 ,  Hurst,  USA)  of  variable  speed  via  two 
wheel-and-belt  reduction  stages  which  were  used  to  provide  smooth  tuning.  This 
construction  allowed  the  Ti:Sapphire  400  MHz  line  to  be  scanned  over  the  bandwidth  of  the 
birefringent  filter  profile  of  the  laser,  which  was  approximately  2  GHz. 

The  Ti:  Sapphire  beam  was  split  with  a  95/5  beam  splitter  and  chopped  at  7.3  Hz  with 
an  acousto-optic  modulator  (Model  DLM-40V-7,  Anderson  Laboratories,  Inc.,  USA ).  The 
first  portion  of  the  beam  was  aligned  onto  the  plasma,  and  the  second  portion  of  the  beam 
was  aligned  onto  the  cathode  inside  a  rubidium  hollow  cathode  lamp  (Fisher  Scientific,  USA) 
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in  order  to  induce  the  opto-galvanic  effect.  The  opto-galvanic  effect  occurs  when  a  discharge 
is  irradiated  with  a  strong  laser  field  resonant  with  an  atomic  transition  of  a  species  which  is 
present  in  the  discharge.  This  effect  is  measured  by  observing  the  change  in  the  steady-state 
current  of  the  discharge  when  the  laser  field  is  present  [72].  The  opto-galvanic  signal  was 
collected  fi-om  the  hollow  cathode  lamp  with  a  lock-in  amplifier  (model  128 A,  EG&G 
Princeton  Applied  Research,  USA)  using  the  acousto-optic  modulation  fi-equency  as  the 
reference  fi^equency  for  the  lock- in  amplifier.  The  opto-galvanic  signal  provided  a  well 
characterized  reference  spectrum  of  the  rubidium  isotopes  for  all  absorption  spectra.  This 
was  necessary  in  order  to  determine  the  exact  wavelength  scale  of  the  LA-LAAS  spectra 
because  the  in-house  constructed  Ti:  Sapphire  scanning  system  was  not  calibrated.  The  opto- 
galvanic  signal  was  collected  simultaneously  with  each  atomic  absorption  signal  and  the 
correct  wavelength  scales  assigned.  The  opto-galvanic  signal  collection  arrangement  is  also 
shown  in  Figure  6-1. 

The  Ti:Sapphire  laser  radiation  probing  the  plasma  was  attenuated  with  neutral  density 
filters  such  that  the  probe  beam  was  reduced  to  0.8  mW,  giving  a  spectral  irradiance  of 
0.64  W  cm'^  nm"'  which  was  below  the  atomic  absorption  saturation  irradiance  level.  Two 
pin-hole  filters  were  placed  between  the  sample  chamber  and  the  PMT  in  order  to  spatially 
reduce  the  amount  of  plasma  emission  reaching  the  detector.  The  PMT  (R636,  Hamamatsu, 
Japan)  was  mounted  onto  a  monochromator  (Digikrom  240,  CVI,.  USA)  which  was  used  to 
spectrally  filter  the  intense  plasma  emission.  A  pulse  generator  (model  802,  Wavetek,  USA) 
was  used  to  trigger  the  Nd.YAG  laser  and  the  acousto-optic  modulator  at  a  fi-equency  of  7.3 
Hz.  The  TTL  pulse  of  the  pulse  generator  was  used  as  the  reference  signal  into  the  lock-in 
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amplifier  for  the  opto-galvanic  signal  detection  scheme,  and  the  scattered  emission  fi-om  the 
Nd:YAG  laser  was  detected  by  a  photodiode  and  used  to  trigger  the  boxcars  and  the 
computer  interface. 

The  transmittance  spectrum  was  coUected  by  scanning  the  TirSapphire  across  the 
rubidium  transition.  During  each  scan,  1 000  ablation  shots  were  delivered  to  the  target,  and 
each  spectrum  was  an  average  of  five  scans.  Two  identical  boxcars  (model  SR250,  Stanford 
Research  Systems,  USA)  were  used  to  process  the  transmitted  and  reference  signals  received 
from  the  PMT.  Figure  6-2  shows  the  timing  diagram  of  the  signal  collection.  The  first  boxcar 
was  used  as  the  signal  channel  and  was  set  to  a  gate  width  of  500  ns  and  to  a  delay  time 
between  1.4-  300  ^s,  within  which  a  fraction  of  laser  radiation  was  absorbed  (I).  The  second 
channel  was  set  to  a  delay  of  3  ms  and  a  gate  width  of  500  ns.  At  this  delay  time,  no 
absorption  of  resonance  laser  light  occurred  due  to  complete  decay  of  the  plasma  providing 
the  100%  transmission  signal  (Iq).  The  fraction  of  light  transmitted  through  the  plasma  (I/If,) 
was  measured  and  converted  to  absorbance. 

The  series  of  CaCOj  samples  was  prepared  by  using  a  high  purity  CaO  powder 
(Aldrich  Chemicals,  USA)  mixed  with  aqueous  standard  solutions  of  RbCl  (Fisher  Scientific, 
USA)  in  open  air.  After  the  solution  was  added  to  CaO,  a  vigorous  exothermic  reaction 
occurred  by  capturing  COj  from  the  air  and  releasing  Hj.  The  paste-like  sample  was  then 
carefiilly  stirred,  dried  over  night  in  an  oven,  and  pressed  into  pellets. 
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Results  and  Discussion 

Optimization  of  the  isotope  measurements  of  rubidium 

A  partial  energy  level  diagram  of  rubidium  illustrating  the  D2  transition  is  shown  in 
Figure  6-3.  The  isotope  structiu-e  arises  from  the  splitting  of  the  5S,q  level,  but  the  hyperfine 
structure  resulting  from  the  splitting  of  the  SPj/j  level  could  not  be  resolved.  The  atomic 
absorption  signals  of  the  two  rubidium  isotopes  were  optimized  for  probe  laser  spectral 
irradiance,  measurement  height,  delay  time,  and  resolution.  The  available  Ti:  Sapphire  probe 
intensity  was  attenuated  0.64  W  cm'^nm  '  in  order  to  avoid  saturation  of  the  atomic 
absorption  transition,  which  occurs  when  the  rate  of  atomic  absorption  is  equal  to  the  rate  of 
stimulated  emission,  so  no  net  absorption  is  observed.  The  saturation  curve  shown  in  Figure 
6-4  was  obtained  using  a  CaCOj  sample  with  a  rubidium  concentration  of 500  ppm.  It  is  seen 
in  Figure  6-4  that  as  the  spectral  irradiance  increases,  the  atomic  absorption  decreases. 

The  height  of  the  probe  beam  and  measurement  delay  time  were  also  optimized 
simultaneously  as  they  were  strongly  dependent  on  one  another.  Indeed,  as  the  probe  region 
was  chosen  farther  from  the  surface,  the  density  of  absorbing  species  reached  its  maximum 
as  the  delay  time  increased  due  to  a  finite  speed  of  plasma  propagation.  However,  at  large 
distances  from  the  surfece  the  number  of  absorbers  is  negligible  due  to  the  decrease  of  their 
number  density  as  1/r^,  where  r  is  the  distance  from  the  sample  surfece.  A  probe  height  of  1 .0 
mm  above  the  sample  surface  was  found  to  be  optimal  providing  a  strong  signal  and  the  best 
spectral  resolution  at  any  delay  time.  These  conditions  correspond  to  the  rear  of  the 
expansion  zone  at  a  time  when  the  electron  density  is  lowest.  We  also  studied  how  the 
resolution  of  the  isotope  peaks  depended  upon  pressure  at  different  delay  times.  A  plot 
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showing  rubidium  line  profiles  as  a  function  of  pressure  and  delay  time  is  shown  in  Figure  6-5. 
These  spectra  were  obtained  using  a  CaCOj  sample  containing  500  ppm  Rb.  The  top 
spectrum  in  each  column  is  a  rubidium  hollow  cathode  lamp  spectrum  shown  for  comparisoa 
It  can  be  seen  that  at  a  delay  time  of  1 .4  ^s  the  isotope  structure  is  unresolved,  and  the  entire 
rubidium  linewidth  is  approximately  30  pm.  As  the  delay  time  increases  fi-om  5  \is  to  20  \is, 
the  isotope  structure  is  clearly  seen,  and  the  line  widths  do  not  show  significant  dependence 
on  ambient  pressure  up  to  10  Torr.  In  the  laser  induced  plasma  at  longer  delays,  the  line 
widths  (FWHM)  are  2.5  -  3.0  pm  which  compare  well  to  the  hoUow  cathode  lamp  widths  of 
2.3  pm,  FWHM.  A  resolved  rubidium  isotope  spectrum  for  a  low  pressure  of  1 50  mTorr,  a 
long  delay  time  of  120  us,  and  a  calcium  carbonate  sample  of  1000  ppm  Rb  is  shown  in 
Figure  6-6.  Therefore,  one  can  see  that  the  conditions  can  be  optimized  for  spectral 
resolution  or  for  increased  sensitivity  by  choosing  the  appropriate  pressure  and  delay  time. 
In  these  experiments,  a  pressure  of  150  mTorr,  a  delay  time  of  100  ^s  or  greater,  and 
relatively  large  concentrations  of  Rb  were  chosen  for  obtaining  resolved  spectra.  Pressures 
of  1-10  Torr  and  delay  times  of  5-20  ^s  were  chosen  in  order  to  obtain  larger  absorption 
signals  for  smaller  Rb  concentrations  at  the  expense  of  resolution. 

Line  Broadening  in  the  Laser  Induced  Plasma  •' 

The  observed  line  widths  in  this  experiment  were  compared  to  the  theoretical 
estimated  line  widths  for  rubidium  in  a  low  pressure  plasma  in  order  to  understand  the  line 
broadening  mechanisms  which  prevailed  in  the  plasma  and  to  obtain  fimdamental  plasma 
parameters  such  as  electron  number  density  and  temperature  at  pressures  below  10  Torr. 
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There  are  four  possible  line  broadening  mechanisms  in  a  laser  plasma  coupled  with  LAAS 
detection:  Doppler  broadening,  collisional  broadening  (Lorentzian),  Stark  broadening,  and 
probe  laser  field  broadening  (saturation  broadening).  Figure  6-7  represents  the  theoretical 
estimation  of  rubidium  line  widths  as  a  function  of  temperature  for  Doppler,  collisional,  and 
Stark  broadening. 

Doppler  broadening  is  the  most  likely  broadening  mechanism  in  a  low  pressure  laser 
plasma  at  a  lifetime  of  several  microseconds  under  optically  thin  conditions.  Optically  thin 
conditions  are  met  with  trace  analyte  concentrations  or  with  the  use  of  weak  transitions. 
Doppler  broadening  results  fi-om  the  statistical  distribution  of  velocities  of  the  absorbing 
atoms  along  the  observation  path.  In  thermal  equilibrium,  the  distribution  of  velocities  is 
given  by  Maxwell's  Law  and  the  Doppler  broadened  with  is  [107] 


where  Ag  is  the  wavelength  in  the  center  of  the  absorption  line,  k  is  the  Boltzmann  constant, 
r  is  the  absolute  temperature,  m  is  the  atomic  mass,  and  c  is  the  speed  of  light.  According 
to  the  theoretical  curve  for  a  Rb  line  width  of  3  pm,  as  was  measured  in  this  experiment,  the 
kinetic  or  translational  temperature  can  be  estimated  to  be  3000  K. 

Broadening  of  atomic  transitions  can  be  caused  by  collisions  with  surrounding 
particles.  The  amoimt  of  broadening  caused  by  collisions  increases  with  the  concentration  of 
perturbers,  so  collisional  broadening  is  also  refered  to  as  pressure  broadening.  Theoretical 
collisional  broadening  is  represented  by  three  lines  in  Figure  6-7  taken  for  three  different 
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pressures:  45  Torr,  200  Torr,  and  760  Torr.  The  following  equation  was  used  to  evaluate  the 
collisional  broadening  [107] 

Ai(r)  =  ^P[2;r/?r(-ir+  (27) 

where  Ag  is  the  transition  wavelength,  c  is  the  speed  of  light,  T  is  the  absolute  temperature, 
p  is  the  argon  pressure,  R  is  the  universal  gas  constant,  a  is  the  collisional  cross  section  and 
M/  and  A/p  are  the  atomic  weights  of  the  colliding  species,  Rb  and  Ar  atoms  in  this  case.  The 
value  taken  for  a  was  100  A^,  as  suggested  by  Parsons,  Smith,  and  Bentley  as  a  reasonable 
estimation  of  this  parameter  [108].  As  can  be  seen  in  the  theoretical  plot,  the  collisional 
broadening  does  not  contribute  much  to  the  line  width  imtil  the  pressure  approaches 
atmospheric  pressure.  In  the  experiment,  the  working  pressures  were  less  than  10  Torr; 
therefore,  this  type  of  broadening  could  be  neglected. 

Stark  broadening  is  considered  to  be  a  main  source  of  broadening  in  atmospheric 
pressure  plasmas  because  of  the  high  electron  number  densities  found  in  these  plasmas  [  1 09] . 
Stark  broadening  occurs  when  an  emitting  atom  at  a  distance  r  from  an  ion  or  electron  is 
perturbed  by  the  electric  field  associated  with  that  ion  or  electron.  The  expected  Stark 
broadening  and  Stark  shift  can  be  calculated  from  two  simplified  equations  for  electron- 
impact  and  ion-broadening  approximations  [107]. 

I  1  ] 

A/l,  =  [1+  USxlO'^^n  0.068A7  'T~^)]wn  (28) 
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^Khift  =  [-+  2xlO-'«;'V(l-  O.Q6^nJ"T-"^)Wwn^  (29) 
w 

Equation  28  was  used  to  calculate  the  line  width,  and  equation  29  was  used  to  calculate  the 
line  shift.  In  these  expressions  is  the  electron  number  density,  w  is  the  electron  impact  half 
width,  d/w  is  the  relative  electron-impact  shift,  and  oris  the  ion  broadening  parameter.  The 
parameters  w,  d/w,  and  or  were  not  available  for  the  Rb  D2  transition,  but  could  be  estimated 
from  the  known  set  of  parameters  for  the  two  adjacent  alkaline  elements,  potassium  and 
cesium  [106].  It  was  foimd  by  Zhao,  et.  al.  that  electron  niunber  densities  for  delay  times 
between  1  and  10  ^s  fell  between  10'^  cm"^  and  10'*  cm'^  for  aluminum  and  magnesium 
samples  at  100  Torr  argon  pressure  [109].  These  values  are  at  least  one  order  of  magnitude 
higher  than  the  values  that  were  deduced  from  our  experiment  which  were  estimated  using 
the  experimental  linewidths  of  2.5-3.0  pm  and  equation  28.  This  can  be  seen  in  Figure  6-  7 
where  the  solid  line  represents  the  rubidium  Stark  broadened  line  widths  as  a  fimction  of 
temperature  and  electron  number  density.  The  temperature  used  in  the  Stark  broadening 
equations  is  the  excitation  temperature,  and  this  temperature  was  estimated  for  this 
experiment  by  the  two  emission  line  method  [72].  The  two  lines  used  were  the  585  nm  and 
616  nm  calcium  emission  lines.  The  excitation  temperature  was  found  to  be  12,000  ±  1000 
K  at  a  delay  time  of  4  jxs.  Comparing  the  observed  experimental  line  widths  with  those 
expected  from  Stark  broadening  for  this  excitation  temperature,  it  can  be  seen  that  the  Stark 
effect  is  not  dominant  with  respect  to  Doppler  broadening  and  the  electron  number  density 
has  an  upper  limit  of  5x10'^  cm  \  It  can  also  be  seen  from  Figure  6-5  that  there  is  no  Stark 


shift  present  in  the  rubidium  spectra.  This  also  indicates  that  the  quadratic  Starlc  effect  is  less 
significant  than  Doppler  broadening. 

The  last  mechanism,  laser  field  broadening,  can  occur  when  the  spectral  irradiance  of 
the  probe  laser  is  above  the  absorption  satiiration  threshold  [110].  Since  the  saturation  level 
of  the  rubidium  transition  was  determined  during  optimization  and  the  probe  laser  irradiance 
was  well  below  the  saturation  value,  this  type  of  broadening  could  be  neglected.  On  the  basis 
of  the  data  presented,  it  can  be  concluded  that  Doppler  broadening  is  the  main  contribution 
to  the  observed  line  widths.  Furthermore,  the  different  electronic  and  translational 
temperatures  indicated  the  absence  of  thermodynamic  equilibrium. 
Isotope  Ratio  Determination 

The  analytical  data  reported  in  this  section  were  all  coUected  at  optimal  conditions  for 
sensitivity.  These  conditions  were  a  pressure  of  2.5  Torr,  a  measurement  height  of  1 .0  mm 
above  the  sample  surface,  a  probe  power  of  0.8  mW,  and  a  delay  time  of  75  \is.  The  *'Rb  / 
*'Rb  ratio  was  determined  for  solid  CaCOj  pellets  with  varying  rubidium  concentrations  (200- 
1 100  ppm)  by  taking  the  ratio  of  the  peak  absorbance  values  for  *'Rb  and  *'Rb  for  each  of 
twenty  spectra  and  then  averaging  them.  This  ratio  was  determined  to  be  2.7  ±  0.2,  which 
was  confirmed  by  an  independent  ICP-MS  experiment  to  be  2.68  ±  0.03.  For  the  ICP-MS 
analysis,  a  one  ppm  rubidium  aqueous  solution  was  prepared  fi-om  the  same  stock  RbCl 
solution  used  to  prepare  the  CaCOj  samples.  This  one  ppm  solution  was  introduced  into  an 
ICP-MS  (Finnigan  quadrupole,  USA),  and  the  isotope  ratio  determined  by  comparing  the 
peak  intensities  of  the  two  isotopes. 

The  rubidium  isotope  ratio  is  also  reflected  in  the  slopes  of  the  LA-LAAS  isotope 
selective  calibration  curves.  The  calibration  plots  are  given  in  Figure  6-8,  and  the  ratio  of  the 
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*^Rb  slope  to  the  *'Rb  slope  is  2.75.  Both  calibration  curves  were  obtained  with  a  precision 
of  5%  RSD  and  a  3o  LOD  equal  to  24  ppm  for  both  *^Rb  and  *^Rb. 

The  mass  ablated  per  laser  shot  was  estimated  by  weighing  a  fresh  CaCOj  san^le 
pellet,  making  30,000  laser  shots  on  the  surfece  of  the  sanple,  and  again  weighing  the  sample 
in  order  to  determine  the  total  mass  ablated.  The  total  mass  ablated  was  divided  by  the  total 
nimiber  of  laser  shots  to  obtain  the  value  for  the  mass  ablated  per  laser  shot.  Taking  into 
account  this  value,  the  absolute  LOD  can  be  calculated.  This  value  is  20  pg  for  each  isotope. 
This  compares  well  to  the  Doppler-free  LAAS  in  a  graphite  furnace  LOD  of  1 .4  pg  and  1 .3 
pg  for  **Rb  and  *^Rb  respectively  reported  by  Niemax  and  coworkers  for  the  rubidium 
isotopes  [105]. 

Analytical  Applications 

This  method  was  used  to  determine  the  isotope  ratio  and  isotope  concentrations  of 
rubidium  in  a  real  geological  sample.  A  powdered  basalt  rock  was  obtained  from  the 
University  of  Florida  Department  of  Geology  for  analysis.  The  powdered  rock  was  divided 
into  equal  portions  and  varying  concentrations  of  the  RbCl  solution  were  added  to  each 
portion  to  provide  samples  for  a  standard  additions  experiment.  The  samples  were  mixed 
well,  dried  for  twenty-four  hours,  and  pressed  into  pellets.  The  pellets  were  analyzed  by  the 
LA-LAAS  procedure  described  in  this  paper,  and  a  typical  standard  additions  plot  obtained 
(Figure  6-9).  The  measurement  precision  was  again  5%  RSD,  and  the  total  rubidium 
concentration  in  the  basalt  was  determined  to  be  77  ±  5  ppm  rubidium.  The  isotope  ratio  of 
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*^Rb  /  *'Rb  in  the  basalt  rock  was  determined  to  be  2.8  ±  0.3  by  comparing  the  peak 
absorbance  values  of  the  individual  isotope  peaks  in  spectra  taken  of  the  basalt  rock.  Taking 
into  account  the  isotope  ratio  of  rubidium  in  the  basalt,  the  actual  isotope  concentrations 
could  be  determined.  These  were  55.6  ppm  and  21.4  ppm  for  *^Rb  and  *^Rb  respectively. 
These  results  show  that  the  LA-LAAS  technique  is  applicable  for  determining  rubidium 
isotope  concentrations  and  isotope  ratios  in  geological  samples. 

Conclusions 

It  has  been  shown  that  isotopes  such  as  *^Rb  and  *^Rb  which  are  characterized  by 
small  isotopic  shifts  can  be  resolved  in  a  laser  induced  plasma  imder  optimized  conditions. 
With  an  argon  atmosphere  of  less  than  10  Torr,  and  working  at  a  delay  time  of  100  ^s,  the 
D2  transition  lines  of  *'Rb  and  *^Rb  have  been  successfully  resolved  and  measured.  The 
isotope  ratio  was  determined  in  solid  calcium  carbonate  samples  to  be  2.7  ±  0.2  with  a  RSD 
of  5%  and  with  a  limit  of  detection  of  25  ppm  or  20  pg  per  laser  shot  for  each  isotope.  The 
analysis  of  a  basalt  rock  sample  was  also  done.  The  isotope  ratio  was  found  to  be  2.8  ±  0.3, 
and  the  total  rubidium  concentration  was  determined  to  be  77  ppm  with  a  precision  of  6 
percent  RSD. 

In  general,  this  technique  provides  a  rapid,  non-invasive  method  for  isotope  ratio 
determinations  in  solid  samples.  The  precision  of  the  isotope  ratio  measurements  could  be 
greatly  improved  by  probing  a  single  plasma  simuhaneously  with  two  diode  lasers  tuned  to 
the  *^Rb  and  *^Rb  transitions  respectively  instead  of  measuring  each  isotope  individually  in 
sequential  plasmas  as  was  done  in  this  case. 


CHAPTER  7 

CURVE  OF  GROWTH  TECHNIQUE  APPLIED  TO  LASER  INDUCED  PLASMAS 


Introduction 

The  character  of  the  analytical  calibration  function  for  emission  spectroscopy  in  laser 
induced  plasmas  generally  involves  the  entire  range  of  spectrochemical  conditions  from 
optically  thin  to  optically  thick  behavior.  For  strong  resonance  lines,  non-linearity  is  often 
observed  for  concentrations  in  solid  samples  of  the  order  0.1-1  %.  The  application  of  the 
well-known  model  for  emission  spectroscopy,  using  the  concept  of  the  curve-of-growth 
(COG),  is  considerably  complicated  for  these  plasmas.  The  plasma  is  composed  primarily 
of  only  slightly  diluted  atoms,  ions  and  particles  of  the  sample,  and  therefore  its 
spectrochemical  behavior  (temperature,  electron  density,  line  broadening)  is  heavily  influenced 
by  the  total  composition  of  the  matrix.  Moreover,  the  plasma  evolves  rapidly  in  time  and 
space  and  never  quite  develops  a  homogeneous  temperature.  Practical  spectrochemical 
measurements  are  usually  made  several  microseconds  after  the  initiation  of  the  plasma 
breakdown,  when  recombination  processes  have  produced  a  suitable  plasma  environment. 
At  this  stage  in  the  plasma  lifetime,  an  estimate  of  an  electronic  excitation  temperature  is 
possible  from  a  Boltzmann  plot,  even  though  local  thermodynamical  equilibriiun  (LTE)  may 
not  exist.  Despite  the  theoretical  and  experimental  complexities,  it  appears  that  an 
examination  of  the  fimdamental  nature  of  the  analytical  calibration  fiinction  in  laser-induced 
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plasmas,  in  terms  of  the  concept  of  the  COG,  might  prove  useful  in  improving  the 
performance  of  these  plasmas  for  spectrochemical  analysis.  Such  observations  should  prove 
useful  in  ascertaining  the  possible  linear  dynamic  range  for  a  given  measurement  and  assist 
in  the  selection  of  the  most  appropriate  spectral  transitions  for  quantitative  analysis. 

The  concept  of  the  COG  in  emission  spectroscopy  was  first  experimentally 
investigated  by  Ladenburg  and  Reiche  in  the  early  1900's  [111]  and  then  developed  in  detail 
by  Mitchell  and  Zemansky  [112],  van  der  Held  [113],  and  a  few  other  researchers  in  the 
1930's.  Experimentally,  these  pioneering  works  were  based  on  the  use  of  resonance  vapor 
lamps  both  as  a  light  source  and  as  an  absorbing  cell.  Later  in  the  1950's,  Hinnov  [114]  and 
Alkemade  and  Hollander  [115,  116]  developed  the  COG  method  for  flame  spectroscopy. 
Special  investigations  of  the  COG  have  been  reported  in  numerous  publications;  some 
examples  include  the  study  of  the  general  shapes  of  COG  in  atomic  absorption,  emission  and 
fluorescence  [1 17-1 19],  the  effect  of  line  profile  characteristics  on  COG  measured  in  flames 
[120],  the  analytic  approximations  for  COG  calculations  [121-122],  and  astrophysical 
application  of  the  COG  for  the  determination  of  stellar  temperatures  and  elemental 
abundances  [123]. 

The  goal  of  this  work  was  to  apply  the  COG  concept  to  the  laser-induced  plasma  in 
order  to  obtain  usefiil  information  about  the  analytical  plasma  characteristics,  such  as  limits 
of  calibration  linearity  and  spectral  line  behavior,  as  well  as  to  estimate  several  fiindamental 
plasma  parameters  such  as  atom  number  densities  and  optical  crossections. 
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Theoretical 


The  curve  of  growth  (COG)  is  a  function  l=f(n^^  where  /  is  the  integrated  emission 
intensity  and  rio  is  the  number  density  of  ground  state  atoms  which  related  to  the  analyte 
concentration  in  the  sample.  According  to  the  classical  theory  [124],  the  spectral  line 
intensity  is  determined  by  the  equation 


where  oris  the  constant  factor  depending  on  the  measurement  instrumentation,  h  is  Planck's 
constant  (J  s),  c  is  the  speed  of  light  (m  s"'),  /i  is  the  transition  wavelength  (m), yiq,  gj,  and 
go  are  the  number  densities  (cm'^)  and  the  degeneracies  (dimensionless)  of  the  upper  and  the 
ground  atomic  levels  (for  the  resonance  transition),  correspondingly,  k(v)  is  the  frequency 
dependent  absorption  coeflBcient  (cm"'),  and  /  is  the  absorption  length  (cm). 

The  frequency  dependence  of  the  absorption  coeflBcient  k(v)is  given  by  [  1 1 2, 1 24, 1 25] 


(30) 
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dt 


(31) 


where  k,,,  a,  and  x  are  defined  as  follows: 


3/2 


(32), 


m^c  b   '  Vln2 
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a  =  Vlnz  «  Vln2  (33), 


^^^4^1  (34). 


X  = 


D 


In  the  above  equations,  e  is  the  elementary  charge  (C),  is  the  electron  mass  (kg),  /is  the 
transition  oscillator  strength  (dimensionless),  Vg  is  the  frequency  of  the  center  of  the  line  (Hz), 
AVfj,  Avi,  and  Avp  are  the  natural,  Lorentzian,  and  Doppler  line  half- widths  (Hz), 
correspondingly.  The  two  latter  quantities  can  be  expressed  by  [124] 

Av,  =  ^[2;r/?r(-+  -i:)]''V      (35)  and 
kkT  m  M 


^VD  =  —i  y''Vln2  (36) 

c  m 


where  p  is  the  pressure  of  perturbing  species  (Pa),  R  is  the  universal  gas  constant  (J  mol'  K"'), 
T  is  the  absolute  temperature  (K),  m  and  M  are  the  masses  (kg)  of  the  emitting  atom  and  the 
perturber,  and  a  is  the  collision  cross  section  (m^). 

The  spectral  line  intensity  introduced  in  Equation  30  can  also  be  rewritten  in  terms  of 
total  absorption  multiplied  by  a  proportionality  coefficient.  The  total  absorption  A,  is 
defined  as  [112,115,125] 


107 


4  =  2;r         f[l  -  exp(-  \kix)dl)]dx  (37) 
Vln2  ^  ^ 

where  JA:(x)  J/  can  be  replaced  by  k(x)l  for  a  homogeneous  flame  or  plasma. 

0 

Finally,  the  double-logarithmic  plot  of  A,  /  2b  vs  ngfl  /  b  represents  the  theoretical 
curve  of  growth  which  has  two  asymptotes 

log[Tf]  =  log[  ^] ,  when  ^  0  (38), 

and 

log[Tf  ]  =  log[  a  -^f^  ,  when  "X"  ">  (39) 

2b  m^c       b  o 

with  slopes  1  and  'A,  respectively.  Obviously,  the  asymptotes  for  the  emission  COG  have  the 
same  form  as  Equations  (38)  and  (39)  but  both  include  a  constant  proportionality  factor.  The 
experimental  COG  is  usually  constructed  by  measuring  the  integrated  line  intensity  in  arbitrary 
units  as  a  function  of  the  analyte  concentration. 

Once  the  curve  of  growth  is  constructed,  valuable  information  on  fundamental 
plasma  parameters  can  be  determined  such  as  those  listed  below. 
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1 .  The  fl-parameter  can  be  measured  by  comparing  the  experimental  curve 
with  a  set  of  theoretical  COGs.  This  yields  information  about  collisional  vs 
Doppler  line  broadening. 

2.  If  the  a-parameter  is  known  and  values  for  Aviox  A  are  found,  the 
plasma  tenperature  or  collisional  cross  section  can  be  obtained  via  Equation 
35  or  Equation  36. 

3.  The  riofl  value  can  be  determined  upon  matching  the  experimental  and 
theoretical  COGs.  If  the  oscillator  strength  and  the  absorption  length  are 
known,  the  number  density  of  ground  state  atoms  Wo  can  be  found.  Inversely, 
if  «o  and  /  are  known,  then  the  oscillator  strength  of  the  transition  can  be 
determined. 

4.  The  intersection  of  the  initial  and  final  asymptotes  marks  the  point  where 
the  transition  from  low  to  high  plasma  optical  density  occurs.  The  abscissa 
of  this  point  yields  the  upper  limit  of  the  linear  calibration  range. 

Experimental 

A  typical  LIP-OES  experimental  arrangement  consisting  of  a  Nd:  YAG  laser  (Quantel 
Brilliant,  France)  and  a  gated  ICCD  detector  (Princeton  Instruments,  USA)  was  used.  A 
schematic  of  this  arrangement  is  shown  in  Figure  7-1 .  The  laser  was  operated  at  10  Hz  and 
was  focused  onto  the  sample  surface  and  aligned  through  a  pierced  mirror  tilted  at  a  45°  angle 
with  respect  to  the  laser  beam.  Emission  light  was  collected  fi"om  the  top  of  the  plasma  using 
the  same  mirror  and  a  simple  optical  system  including  a  short  focal  length  lens  and  a  0.5  m 
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monochromator  (Sj)ectraPro-500i,  Acton  Reasearch  Corporation,  USA )  with  a  2400  mm"' 
diffraction  grating. 

Spectral  line  profiles  were  measured  by  LAAS  detection  using  a  scanning  Ti:  Sapphire 
laser  (Schwartz-Electro  Optics,  Titan  series,  USA)  pumped  by  a  5.0  W  Argon  ion  laser 
(Spectra  Physics,  USA).  The  Ti: Sapphire  laser  beam  was  chopped  by  an  acousto-optic 
modulator  (DLM-40V-7,  Anderson  Laboratories,  Inc.,  USA)  at  10  Hz,  fi-equency  doubled 
by  a  non-Unear  crystal  (lithium  iodide,  Quantum  Technology,  Inc.,  USA),  and  split  into  two 
beams  by  a  beam  splitter.  One  beam  was  aligned  onto  a  chromium  hollow  cathode  lamp 
where  it  induced  the  opto-galvanic  effect,  which  was  used  for  wavelength  correction,  and 
the  second  beam  was  directed  through  the  laser  plasma  at  a  distance  of  1  mm  fi"om  the  target 
sur&ce.  The  Ti:  Sapphire  laser  was  scanned  across  the  chosen  atomic  transition  by  rotating 
the  intra  cavity  etalon.  The  opto-galvanic  signal  was  measured  with  a  lock-in  amplifier 
( 1 28 A,  EG&G  Princeton  Applied  Research,  USA),  whereas  the  resulting  transmission  signal 
was  collected  by  a  PMT  (R636,  Hamamatsu,  Japan)  which  was  mounted  onto  a 
monochromator  (Digikrom  240,  CVI,  USA).  The  monochromator  was  used  to  spectrally 
filter  the  intense  plasma  emission.  Both  signals  were  further  processed  with  two  identical 
boxcars  (SR250,  Stanford  Research  Systems,  USA)  set  on  the  same  gates  and  delay  times  and 
terminated  by  a  PC. 

Stainless  steel  NIST  standards  (1262-1265  series  and  805-818  series)  were  used 
throughout  the  experiment.  Chromium  was  chosen  as  the  analyte  because  it  was  present  in 
the  steels  in  a  large  concentration  range:  (0.007  %  to  1.3  %).  Emission  fi-om  the  425  nm  Cr 
resonance  line  was  measured  for  5-10  runs  performed  on  each  sample.  Each  run  consisted 
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of  20  accumulations  from  20  ablation  laser  shots  which  were  summed  together  to  make  a 
single  measurement.  The  analytical  signal  was  the  integral  emission  averaged  over  all 
measurements. 

Results  and  Discussion 

The  calibration  plots  for  Cr  in  steel  samples  were  measured  using  delay  times  of  0.5 
^s,  2  us,  and  5  \is  and  gate  widths  of  0.5  ^s  and  1  ^s  and  are  shown  in  Figure  7-2.  It  can 
be  seen  from  Figure  7-2  that  as  the  delay  time  increases,  the  inflection  points  in  the  log-log 
plot  (right  colimin)  correspond  to  decreasing  concentrations.  The  inflection  in  the  log-log 
calibration  plot  indicates  where  the  transition  between  optically  thin  and  optically  thick  (self- 
absorption)  plasma  conditions  occxir,  which  corresponds  to  a  concentration  of  Cr  in  steel  of 
about  0.1  %.  At  the  delay  time  of  5  ^s,  the  slopes  of  two  portions  of  the  log-log  plot  are 
ahnost  exactly  1  and  in  fiill  agreement  with  the  theoretical  prediction  indicating  the  plasma 
has  reached  thermodynamical  equilibrium.  Therefore,  in  the  foregoing  discussion  relating  a 
COG  theory  to  our  experiment,  we  will  use  only  the  data  obtained  for  this  particular  delay 
time  (5  \is).  The  gate  width  of  0.5  ^s  -  1  ^s  was  chosen  because  the  plasma  temperature 
does  not  change  substantiaUy  within  this  time  interval. 

Figure  7-3  shows  a  series  of  log-log  calibration  plots  obtained  for  different  energies 
of  the  ablation  laser.  Plots  1,2,  and  3  were  constructed  using  the  Cr  1 425  nm  resonance  line 
and  plot  4  was  constructed  using  the  Cr  II 206  nm  resonance  line.  As  seen  from  Figure  7-3 
(plots  1-3),  the  higher  the  laser  energy,  the  higher  the  concentration  at  which  the  plot 
changes  slope  from  1  to  0.5.  This  is  likely  due  to  the  higher  plasma  temperature  created  by 
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the  more  energetic  laser  pulse.  Indeed,  the  temperatures  determined  from  slopes  of  two 
Boltzmann  plots  corresponding  to  laser  ablation  energies  of  1 10  mJ  and  20  mJ  (Figure  7-4) 
yielded  the  values  of  8700  K  and  7900  K,  correspondingly.  The  Boltzmann  plots  were 
constructed  using  iron  emission  lines  between  423  nm  and  431  nm.  We  can  therefore 
conclude  that  the  higher  the  temperature,  the  higher  the  degree  of  excitation  and  ionization, 
and  the  smaller  the  number  of  ground  state  neutral  atoms  responsible  for  self-absorption. 

Thus,  once  we  have  experimental  COGs  (Figure  7-3)  the  question  is  how  to  compare 
them  with  theoretical  COGs  in  order  to  obtain  all  of  the  parameters  listed  in  the  theoretical 
section.  The  simplest  way  to  do  this  is  to  take  a  theoretical  COG  which  has  a  shape  similar 
to  that  of  the  experimental  COG,  and  then  move  the  theoretical  COG  along  the  x-  and  y-  axis 
until  the  two  curves  coincide,  as  was  suggested  by  Alkemade  [114].  The  full  coincidence  is 
reached  by  varying  the  a-parameter.  However,  this  method  in  generally  inaccurate.  It 
provides  a  satisfactory  estimation  for  a<\,  where  the  COGs  somewhat  differ  in  shape,  but 
does  not  work  for  a>\,  where  the  shapes  of  the  COGs  do  not  vary  much.  For  a<l  the 
difference  is  not  pronounced  for  an  uncertainty  of  ±0.1  in  the  a- value.  Fig.  7-5a  shows  a 
set  of  theoretical  COGs  which  have  been  calculated  using  Mathcad  software  and  a  polynomial 
approximation  of  the  integrals  in  Equation  37  which  was  proposed  by  Kuntz  [126].  One  can 
see  that  as  a  becomes  greater  than  1  (plots  1  through  4  in  Figiire  7-5a),  all  plots  have  the 
same  shape  but  the  intersection  point  shifts  to  higher  values  of  n,/I  for  higher  a's. 

The  other  method  to  obtain  an  accurate  fit  of  theoretical  COGs  to  experimental  ones 
is  to  use  duplication  curves  which  relate  the  duplication  Hactor  D  to  the  atomic  density 
[1 1 5,125].  D  is  defined  as  the  relative  increase  in  line  intensity  7,  or  integral  absorption 
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caused  by  a  doubling  of  the  product  njl: 


A  series  of  calculated  duplication  curves  is  shown  in  Figure  7-5b.  The  experimental 
duplication  curve  can  be  obtained  either  by  doubling  the  concentration  (ng)  or  the  absorption 
length  (I).  Once  the  experimental  COG  and  the  duplication  curves  are  available,  they  can  be 
used  together  to  obtain  the  exact  value  of  the  parameter  a  [125].  In  our  experiment, 
however,  we  were  limited  by  NIST  samples  with  certain  concentrations  of  Cr,  which  could 
not  be  varied.  The  approach  with  doubling  the  absorption  length  could  not  be  used  in  our 
experimental  design  due  to  the  top  collection  scheme  of  the  emission  light.  We  generated 
semiempirical  duplication  curves  using  certijBed  concentration  values  and  experimentally 
determined  linear  fit  coefficients  for  the  two  portions  of  the  calibration  plot  (with  slopes  1  and 
Vt).  The  result  of  this  simulation  is  presented  in  Figure  7-6,  where  three  duplication  curves 
correspond  to  three  values  of  ablation  laser  energy.  However,  this  approach  was 
imsatisfactory  because  the  most  critical  intermediate  region  of  the  COG  (between  the  two 
asymptotes  with  slopes  1  and  Vi)  could  not  be  modeled  due  to  insuflBcient  data  points  and 
thus  the  generated  duplication  curves  were  inaccurate. 

We  therefore  came  to  the  conclusion  that  some  a  priori  knowledge  about  a  likely 
value  of  the  a-parameter  is  necessary.  In  this  respect,  the  measurement  of  the  plasma 
temperature  provides  an  estimate  for  a  Doppler  and  a  Lorentzian  line  half-widths  via 
Equations  35  and  36.  The  Doppler  and  Lorentzian  line  half-widths  within  a  broad 
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temperature  range  are  presented  in  Figure  7-7.  In  the  case  of  collisional  broadening,  we 
assumed  that  the  main  collision  partner  for  the  Cr  atoms  was  nitrogen  (Nj),  and  the  collisional 
crosssection  was  taken  within  a  reasonable  interval  of  50  -100  as  a  rough  estimate,  as 
recommended  in  [127].  If  we  now  predict  the  value  for  the  a-parameter  on  the  basis  of  the 
data  in  Figure  7-4  and  the  plasma  temperature  is  approximately  8000  K  (Fig.  7-7),  we  obtain 
a=0. 12  for  a  collisional  crossection  of  50  and  a=0.24  for  the  collisional  crossection  of  1 00 
A^ .  To  make  this  prediction  more  accurate  and  to  determine  how  the  line  width  changes 
with  concentration,  we  measured  Cr  425.4  nm  line  shapes  directly  by  using  the  frequency 
doubled  narrow  band  (80  MHz)  Ti:  Sapphire  laser  which  was  scanned  across  the  Cr  transition. 
The  resultiQg  line  shapes  are  given  in  Figure  7-8.  The  top  spectrum  represents  a  purely 
Doppler-broadened  line  profile  from  a  low  temperature  line  source  (Cr  hollow  cathode 
lamp).  This  profile  was  measured  by  using  the  opto-galvanic  technique.  The  other  spectra 
are  line  profiles  in  the  laser  plasma  obtained  from  samples  with  different  concentrations  of  Cr. 
Only  one  spectrum  in  this  series  (0.025  %  Cr  in  steel,  second  row)  was  obtained  under 
optically  thin  plasma  conditions  when  the  signal  is  directly  proportional  to  the  concentration 
(see  Figure  7-3).  Other  spectra  were  broadened  by  self-absorption  as  easify  seen  in  Fig  7-8. 
If  we  now  compare  the  line  width  of  the  0.025  %  Cr  spectrum  (4.4  pm)  with  the  Doppler  line 
width  (3.8  pm.  Figure  7-7)  at  the  estimated  plasma  temperature  of -8000  K,  we  find  that 
Doppler  broadening  is  dominant  and  Lorentzian  broadening  has  only  a  small  contribution  to 
the  line  shape.  The  relative  contribution  of  the  Doppler  and  Lorentz  profiles  to  the  total  line 
shape  may  be  estimated  from  the  well  known  values  for  the  Voigt  fimction  [128].  In  our 
case,  this  contribution  is  equal  to  0.86  and  0.26  for  Doppler  and  Lorentz  fractions. 
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respectively.  This  provides  the  value  of  a-parameter  of  0.2,  in  close  agreement  with  our 
previous  estimates. 

Now  the  theoretical  COGs  can  be  compared  to  the  experimental  points.  The  fit  of 
the  theoretical  COG  with  a=0.2  to  the  experimental  points,  obtained  at  5  \is  delay  time  and 
20  mJ  laser  energy  (plot  3  in  Fig.  7-3),  is  shown  in  Figure  7-9.  The  accuracy  of  the  fit  was 
estimated  to  be  within  the  values  for  the  o-parameter  of  0.20  ±  0.05.  It  was  shown  elsewhere 
[ 1 24, 1 28]  that  the  ordinate  of  the  intercept  of  the  two  asymptotes  is  equal  to  2a.  In  our  case, 
this  corresponds  to  the  n(/l/b  value  equal  to  5.  Now  the  absolute  number  density  of  neutral 
Cr  atoms  «<,  can  be  determined  provided  that  the  absorption  length  /  is  known.  The 
absorption  length  was  measured  by  projecting  a  1:1  plasma  image  onto  the  ICCD  camera 
and  calculating  the  image  geometrical  size  fi-om  the  number  of  pixels  illuminated.  It  was 
found  that  the  plasma  size  changed  with  the  delay  time  as  shown  in  Figure  7-10.  As  seen 
fi-om  Figure  7-10,  at  a  5  \is  delay  time,  the  plasma  absorption  length  is  about  2  mm.  The 
oscillator  strength / for  the  Cr  425.4  nm  transition  is  equal  to  0.1 1  [130].  Combining  the 
numerical  data,  we  find  that  the  number  density  of  neutral  Cr  atoms  corresponding  to  the 
transition  fi-om  low  to  high  optical  density  is  equal  to  6.5x1 0'^  cm  ^  This  corresponds  to  the 
concentration  of  Cr  in  the  stainless  steel  matrix  to  a  value  between  0.05  and  0. 1  Wt  %,  very 
close  to  the  resuhs  obtained  by  Leis  et  al.  for  Cr  in  the  same  samples  but  under  reduced 
pressure  argon  atmosphere  [131].  Hence,  the  COG  method  provides  important  practical 
information  concerning  the  linear  dynamic  range  of  the  calibration  and  also  assists  in  the 
choice  of  lines  which  should  be  used  in  order  not  to  exceed  this  range. 
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With  the  known  a-value,  we  can  estimate  more  precisely  the  value  for  the  collisional 
crossection  ausing  Equation  35.  As  before,  we  assume  that  the  laser  plasma  mainly  consists 
of  Nj  molecules.  The  calculation  yields  a=  (66  ±  16)  ,  a  quite  reasonable  value  according 
to  the  literature  data  on  flame  spectroscopy  [125,127,129]. 

Conclusions 

Finally,  we  have  to  answer  the  question  of  how  reliable  are  the  results  presented  in 
this  paper.  This  question  arises  because  despite  the  avalanche  of  publications  on  LIPS, 
especially  in  last  few  years,  the  laser  plasma  is  still  not  very  well  understood  and  even  the 
presence  of  LTE  is  disputable  [132].  Answering  this  question,  we  have  to  note  that  our 
value  for  the  o-parameter  seems  to  follow  the  general  trend:  the  value  of  a  decreases  with 
increasing  temperature  [113].  Alkemade  with  co-workers  [115,125]  have  proposed  the  rate 
of  this  change  expressed  as  a  ''\  If  we  apply  this  law  in  order  to  extrapolate  our  a- value 
to  the  region  of  well-studied  flame  temperatures  (2500  -  3000  K),  we  will  find  typical  a- 
values  of  0.6  -  1  for  elements  like  Cr  or  Mn  [115,129].  Furthermore,  we  note  that  the 
collisional  broadening  crossection  obtained  in  our  experiment  falls  within  the  same  range  as 
in  flames  [1 15,125,129]  showing  the  usual  weak  dependence  on  temperature.  The  value  of 
44  reported  in  [  1 29]  for  the  same  Cr  line  in  air-acetylene  flame  is  in  reasonable  agreement 
with  our  value  of  66  A^  taking  into  account  the  diSerence  in  temperatures  and  collisional 
environments.  Overall,  we  can  therefore  conclude  that  the  COG  method  applied  to  the  laser 
plasma  (delayed  a  few  ^s  after  its  ignition)  is  a  valuable  tool  for  obtaining  both  fundamental 
and  analytical  spectroscopic  information. 


CHAPTER  8 
CONCLUSIONS  AND  FUTURE  WORK 


Laser  excited  atomic  fluorescence  spectroscopy  and  laser  source  atomic  absorption 
spectroscopy  have  successfully  been  used  for  probing  a  laser  induced  plasma.  The 
applicability  of  these  techniques  for  analyzing  solid  samples  with  little  or  no  sample 
preparation  has  been  demonstrated.  The  analytical  figures  of  merit  for  these  techniques  were 
evaluated  using  prepared  solid  samples  as  well  as  NIST  certified  reference  materials. 

A  procedure  for  the  direct  analysis  of  solid  samples  for  their  isotope  constituents  and 
concentrations  has  been  developed.  A  solid  lithium  oxalate  sample  was  probed  with  laser 
ablation  and  laser  excited  atomic  fluorescence  in  order  to  determine  the  isotope  abundance 
ratio  of  lithiimi  in  the  sample.  The  isotopes  of  rubidium  were  resolved  and  measured  using 
laser  source  atomic  absorption  to  probe  the  laser  induced  plasmas  formed  on  solid  samples 
containing  rubidium.  The  analysis  of  real  geological  samples  was  performed  with  excellent 
results.  Generally,  this  technique  provides  many  advantages  over  the  routinely  used  mass 
spectrometric  techniques  for  isotope  analysis.  The  LA-LEAFS  and  LA-LAAS  procedures 
require  very  little  or  no  sample  preparation  as  compared  to  the  elaborate  dissolution 
techniques  which  are  required  by  mass  spectroscopy.  However,  the  measurement  precisions 
obtained,  4-5%,  are  slightly  worse  than  the  precisions  typically  obtained  by  mass  spectroscopy 
of  0.1 -2%. 
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The  reason  for  the  comparatively  poorer  precision  was  the  method  of  data  acquisition 
used.  The  isotope  ratio  of  the  elements  was  determined  by  ratioing  the  peak  heights  or  peak 
areas  obtained  in  the  spectra;  however,  each  point  on  the  spectrum  was  measured  in 
successive,  di£ferent  laser  plasmas.  Therefore,  the  precision  of  the  isotope  ratio 
measurements  reflects  the  differences  in  the  plasmas  because  of  nonhomogeneity  in  the 
sample  matrix  and  the  shot-to-shot  fluctuations  in  the  ablation  laser  intensity.  Better  precision 
would  be  expected  if  each  isotope  could  be  probed  simultaneously  in  the  same  plasma.  This 
would  be  achieved  by  replacing  the  scannable  laser  system  used  in  this  work  with  two  diode 
lasers,  each  of  which  is  permanently  timed  to  one  or  another  isotope  transition  such  that  both 
isotopes  are  probed  simultaneously. 

Many  other  elements  could  be  evaluated  with  this  system  in  terms  of  their  isotope 
composition.  It  would  especially  be  interesting  to  probe  those  elements  in  the  middle  of  the 
periodic  chart  which  have  small  isotope  shifts.  These  elements  are  typically  thought 
imapproachable  by  spectroscopic  techniques  because  of  their  small  shifts.  We  have  shown, 
however,  that  the  rubidium  line  shape  is  narrower  than  the  Doppler  linewidth  due  to  the 
direction  in  which  the  atoms  are  ejected  from  the  sample  surface.  Because  the  atoms  are 
ejected  perpendicular  to  the  probe  beam,  total  Doppler  broadening  is  not  observed;  therefore, 
it  is  imaginable  that  elements  with  smaller  isotope  shifts  could  also  be  resolved  and  measured 
with  this  technique. 
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